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Abstract
The Chester and Athens Domes are a composite mantled gneiss dome in southeast
Vermont. While debate persists regarding the mechanisms of dome formation, most
workers consider the domes to have formed during the Acadian Orogeny. This study
integrates the results of 40Ar/39Ar step-heating of single mineral grains, or small
multigrain aliquots, with data from microstructural analyses from samples collected in
multiple transects across the dome-bounding shear zone(s) in order to understand the
relationship between metamorphism and deformation. Results from the sheared units
along the north and south transects are presented from west to east. In the north,
hornblende from the Barnard Gneiss yielded a weighted mean age of 406 Ma from a
plateau-like segment and biotite yielded a weighted mean age of 344 Ma. The hornblende
is interpreted to constrain an earlier phase of deformation and the formation of the
dominant foliation whereas biotite constrains the timing of the later deformation event.
Muscovite from a second sample of the Barnard Gneiss yielded a weighted mean age of
388 Ma for a plateau-like segment and biotite yielded a plateau age of 334 Ma. The
muscovite constrains the timing of deformation whereas the biotite likely constrains the
timing of the later phase of deformation. One analysis of biotite from the Devonian Waits
River Formation yielded a plateau age of 403 Ma, and muscovite yielded a plateau age of
362 Ma, consistent with microstructural evidence of muscovite growing at the expense of
biotite. The white mica is interpreted to represent the deformation age of the sample
whereas the biotite may relate to the early stages of metamorphism. In this transect, the
deformation ages inferred for the samples include 388 Ma in association with upper
greenschist to lower amphibolite-facies metamorphism and 362 Ma in association with
greenschist-facies metamorphism. In the south, muscovite from the basement cover
contact yielded a weighted mean age of 365 Ma. Biotite from this sample yielded a
weighted mean age of 358 Ma. The white mica is interpreted to constrain the timing of
deformation, whereas the biotite reflects a cooling age. A hornblende analysis from the
Missisquoi Formation yielded a weighted mean age of 392 Ma. The spectrum contained
younger steps showing resetting around 356 Ma, which may provide an estimate for the
timing of deformation for this sample. Muscovite from another sample of the Missisquoi
Formation yielded a weighted mean age of 365 Ma and biotite yielded a weighted mean
age of 406 Ma. This sample showed two foliations in thin section. The white mica was
interpreted to be the age of a younger deformation event and the formation of the
dominant foliation whereas the biotite age constrains an earlier phase of metamorphism.
Along this southern transect, two foliations were observed in thin section; an older S1 is
preserved in the microlithons of a younger, more dominant S2 foliation. The dominant
age signals in the integrated data from both transects are c. 406 Ma, 388 Ma, 365 Ma, and
344 Ma. While all samples within the attenuated mantling units appeared to exhibit a
single dominant foliation in the field (S2), the local preservation a crenulated S1 foliation
within S2 microlithons implies that S1 was overprinted and largely transposed by the
development of S2 during the Acadian Orogeny. The multiple age signals coupled with
more subtle metamorphic textures and microstructures within S2 cleavage domains
suggest that S2 may be a composite foliation and that the shear zone may have been
reactivated multiple times during the Acadian Orogeny.
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Chapter 1: Comprehensive Literature Review
1.1 Introduction
The Chester and Athens Domes, located in Southern Vermont (Figures 1 and 2),
are cored by Middle Proterozoic Grenvillian basement and are surrounded by a mylonitic
zone that separates them from the overlying metamorphic Silurian to Devonian-aged
rocks of the Connecticut Valley Trough (Karabinos, 1999: Doll et al., 1961). The Chester
Dome is located to the north of the Athens Dome, and they connect by a narrow saddle.
In this paper, I will be referring to these domes collectively as the Chester and Athens
Dome. The faults that are located around the domes were originally interpreted to be
Taconic thrust faults (Ratcliffe et. al., 1997). However, more recent studies of the zone of
attenuated rock units surrounding the domes suggest that the faults are instead ductile
low-angle normal faults (Karabinos, 1999; 2002) that occurred during decompression
following peak metamorphism during the Acadian Orogeny (Vance and Holland, 1993).
Karabinos et al. (2010) demonstrated that the zone of thinned cover rocks strongly
correlates spatially to the highly strained mylonitic zone and that the normal-sense
shearing took place around 380 Ma. The deformation in southeast Vermont involves two
major folding stages associated with the development of recumbent folds by a nappe
stage followed by a dome phase (Hepburn et al., 1984). Karabinos (2010) suggested that
there is a period of extension along a normal-sense shear zone that occurred in between
the nappe stage and the doming stage. This mylonitic zone extends from the
Mesoproterozoic basement rocks to the Silurian sequence (Karabinos et al.,
2010).However, the type of faulting and exactly when these shear zones formed is still
poorly constrained.
1
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Ar/39Ar and K-Ar geochronology studies have been conducted throughout New

England in order to constrain thermal histories and to determine the timing of
deformation that occurred. By comparing biotite and hornblende apparent ages, it has
been determined that areas affected by Taconian metamorphism experienced slower
cooling, whereas areas that are affected by Acadian metamorphism experienced a more
rapid cooling (Sutter et al., 1985). However, limited geochronologic data exists for the
domes. A cooling rate of 3.8 oC/m.y. was determined for the core rocks of the domes
from Late Devonian to the Middle Mississippian and 1.4 oC/m.y. from the Middle
Mississippian through the Triassic using 40Ar/39Ar dating of amphibole, muscovite,
biotite and potassium feldspar minerals (McWilliams, 2008). Differential uplift was
suggested to have occurred between the core and cover rocks of the Chester and Athens
Dome due to muscovite sampled from the cover rocks yielding ages older than the core
rocks (McWilliams, 2008). 40Ar/39Ar dating confirmed a Devonian thermal overprint
during the Acadian orogeny and cooling ages from the cover rocks proved post-Acadian
deformation and doming until after the Mississippian (McWilliams, 2008). This study
concluded that the dome did not form solely by deformation during the Acadian orogeny,
and therefore it experienced a polyphase tectonic history. Monazite grains were dated
from the Chester Dome region, and the ages showed that there were multiple populations,
which suggests multiple deformation events occurred between 424+3Ma and 366+4Ma
(Bell and Welch, 2002). Constraining the timing of the deformation that occurred in this
zone has yet to be completed.
This study aims to determine the timing of deformation in the mylonitic zone
surrounding the Chester and Athens Dome in Southern Vermont by integrating 40Ar/39Ar
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geochronology with studies of metamorphism and deformation. Constraining the
pressure-temperature-time deformation path of these rocks will facilitate unraveling how
a complex polyphase tectonic history formed these domes. This work focuses in
particular on the timing of deformation for the rocks of the Chester and Athens Dome.
These results will be incorporated with studies of metamorphism and deformation, such
as Karabinos and others (2010). This will be completed in order to better understand the
context of these results in the regional framework. My findings will be based on field
observations, microstructural analysis and 40Ar/39Ar geochronology. The Chapter 1
literature review will introduce three topics that are related to this study, which include 1)
defining gneiss domes and the different ways they can form; 2) defining 40Ar/39Ar
geochronology; and 3) an overview of 40Ar/39Ar geochronology completed in New
England and how it helped shed light on the tectonic history around the Chester and
Athens Dome. In Chapter 2, I will present my results in the form of a paper for
publication, and discuss how these data reveal evidence for a polyphase tectonic history
of these domes.

1.2 Gneiss Domes
1.2.1 – What is a Gneiss Dome?
A mantled gneiss dome can be defined as a dome containing a metamorphic or
plutonic core that is overlain by metasedimentary or metavolcanic strata (Eskola, 1949).
Originally, mantled domes were thought to have formed by two or more orogenic events
(Eskola, 1949). Recently, this definition has been changed to include all domal structures
cored by metamorphic rocks containing outward-dipping gneissic foliation with or
3

without a cover sequence (Yin, 2004). Most gneiss domes are elongate, elliptical, and
align parallel to the strike of the orogen (Whitney et. al., 2004). There are many different
hypotheses about the specific ways in which gneiss domes can form, which affects what
type of gneiss dome or gneiss dome system it will be classified as. Modern definitions of
a gneiss dome include domes that have lost their metasedimentary cover sequence due to
erosion, but are still cored by gneissic rock.
Within this broad definition, Yin (2004) proposed two specific classification
schemes emphasizing the relationship between domes and faults. Gneiss domes were first
divided into either fault-related or fault-unrelated structures (Yin, 2004) (Figure 3). The
fault-unrelated gneiss domes are broken up further into either magmatic or non-magmatic
domes, whereas the fault-related gneiss domes can be divided into either detachmentrelated, thrust-related, strike-slip related, or related to ductile-shear zones (Figure 3).
Gneiss dome systems also are classified into either linear-array domes or nonlinear-array
domes, and both of these are further divided into evenly spaced or unevenly spaced
gneiss dome systems (Yin, 2004) (Figure 4). The evenly spaced gneiss-dome systems
may be associated with instabilities due to vertical density and cause buckling, whereas
the unevenly spaced gneiss-dome systems may be associated with fault development
(Yin, 2004). Authors will use either of these schemes depending on what is believed to be
more important for that specific dome.
Gneiss domes typically form by thermal-mechanical processes (Whitney et. al.,
2004). Five origins have been defined for domes (Figure 3), which include folding,
diapirism of igneous intrusions, reactivation of basement plutons, extensional
culminations, and upward impingement (Burg, 2004 and references therein). These
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mechanisms produce upward movement of the deep crustal material during orogeny that
would result in the formation of a dome (Burg, 2004).
Historically, scientists investigated a specific variety of cored features, including a
specific type of gneiss dome called a metamorphic core complex. Metamorphic core
complexes were originally defined as medium to high-grade metamorphic rocks that form
dome-shaped complexes which are overlain by low-grade or unmetamorphosed
sedimentary sequences (Platt et. al., 2014). This definition is very similar to that of a
gneiss dome. According to this paper, there are three essential elements that make up a
metamorphic core complex. These include 1) a core of metamorphic rock affected by
ductile deformation and metamorphic recrystallization; 2) the core is overlain by a
discontinuity comprising a brittle fault surface which is underlain by a zone of ductile
mylonite; and 3) the detachment is overlain by hanging-wall rocks that are lower-grade
than the core. These complexes are products of normal-fault displacement that exhumed
rocks from below the brittle-ductile transition, and they reflect a distinctive mode of
extensional tectonics (Platt et. al., 2014). Metamorphic core complexes are a specific
variety of gneiss domes.

1.2.2 – The Gneiss Dome Concept in New England
The formation of the Chester and Athens Dome, along with the surrounding domes,
have intrigued geologists for many years. Different theories have surfaced as to how the
domes have formed. The Chester and Athens Dome is a gneiss dome in the broadest
sense, and are not necessarily classified as extensional metamorphic core complexes.
Some theories as to the formation have included the presence of nappes and thrust faults
with shear zones, as presented by Karabinos (2003). Others have determined nappes were
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not involved and the formation was contractional and non-fault related (Bell et. al.,
2005). The following paragraphs describe a few different hypotheses as to how the gneiss
domes in New England formed, and the reasoning behind them.
Originally, the Chester and Athens Dome, along with other domes in the Bronson
Hill Anticlinorium, were interpreted to have formed due to nappe development
(Thompson, 1954). Work in the Bellows Falls region led to the discovery that the domes
are preceded by the formation of three fold nappes from the Acadian orogeny (Thompson
et. al., 1968). These nappes, from lowest to highest, included the Cornish nappe, the
Skitchewaug nappe, and the Fall Mountain nappe, which contained east to west over
folding of hotter rocks onto cooler rocks (Thompson et. al., 1968). Years later, a new
nappe, the Bernardston nappe, was determined to lie beneath the Skitchewaug nappe in
the Bronson Hill Anticlinorium making the original hypothesis grow to four fold nappes
(Thompson and Rosenfeld, 1979). Stanley and Ratcliffe (1985) determined that the
anticlinorial form of the basement in the Green Mountain and Lincoln Massifs resulted
from thrust faults. An interpretation was proposed indicating that the gneiss domes were
preceded by the formation of west-directed fold and thrust nappes (Robinson et. al.,
1991).
New mapping of the core of the Chester and Athens Dome revealed that the
Acadian deformation involved multiple, non-coaxial shortening in deformational events
(Ratcliffe et. al., 1997). Mapping completed within the core of the dome and structures in
the Silurian and Devonian rocks does not support the regional nappe-stage Acadian
folding event that was originally believed to have occurred, and therefore, according to
Ratcliffe et al (1997), the nappe-stage hypothesis could be dismissed. This idea was
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further supported by data from the Spring Hill synform in southeast Vermont. This fold
contains a steeply dipping axial plane, and it may have rotated to its current geometry due
to shortening during the Acadian Orogeny (Hickey and Bell, 2001). There are differences
between the interpretations postulated by Ratcliffe et. al. (1997) and Hickey and Bell
(2001) in the number and timing of the structures of the Spring Hill synform, but they all
agree that the synform probably is not a product of nappe formation (Hickey and Bell,
2001).
In 2003, Paul Karabinos proposed a hypothesis that the two belts of gneiss domes
in New England are both trending and elongated North-South with both overlain by
metasediments from the Silurian and Devonian. Karabinos (2003) argued that collision
between Laurentia and Avalon caused shortening of the basin deposits, which was
expressed as large-scale west-verging nappes (Karabinos, 2003). These domes contain
some evidence in the cores and the overlying metasediments for shear zones (Karabinos,
2003). Extensional shear zones with NNE-SSW displacement were produced due to
quartzo-feldspathic blocks moving upward relative to the metasediments above
(Karabinos, 2003). This hypothesis suggests that the domes were formed due to the
shortening of nappes and extensional shear zones. There was shortening due to
compression and during shortening, the extensional shear zones accommodated vertical
motion. Nappes are present indicating a thrust sheet, and there is evidence of a shear
zone. A fault-related nappe interpretation is established. This suggests that the gneiss
domes were thrust fault-related, which suggests that the domes can be classified as either
thrust duplex domes or passive-roof fault domes.
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In 2005, Bell and others published a paper with a goal of determining how the
Chester and Athens Dome formed by examining the structural development of the domes
using microstructural analyses of porphyroblast garnet inclusion trails. These domes are
old, with the cores being Middle Proterozoic Grenvillian basement, and there has been
little modification at the current crustal exposure (Bell et. al., 2005). Bell et al. (2005)
concluded that a large-scale fold history involved multiple successive events along with
the opening and tightening of folds. These authors determined that there is no evidence
for nappe development because the dome has not been overturned and the folds west of
the Domes formed with an upright axial plane. In their interpretation, the domes formed
as upright anticlines during orogenesis driven by horizontal compressional forces (Figure
6). This suggests that the Chester and Athens Domes are folded gneiss domes that formed
by coaxial contractional fold mechanisms and therefore were not formed by neither thrust
faulting, nappe emplacement, nor crustal extension (Bell et. al., 2005). A nappe is a largescale highly-strained recumbent fold that in the hanging wall of a thrust fault. According
to Bell et al. (2005), all the foliations are the product of coaxial deformation rather than a
non-coaxial deformation accompanying nappe development. This work supports the
hypothesis that the gneiss domes were not related to local faulting, but are instead related
to coaxial horizontal shortening.
Prior to Hickey and Bell (2001), data on the Chester Dome was consistent with a
ductile low-angle normal fault which accommodated gravitational collapse during
emplacement of nappes in this area (Karabinos, 1999). A new proposition was made
indicating that the Taconic thrust faults around the domes are actually Acadian normal
faults (Karabinos, 2002). This study provided evidence for an extensional shear zone
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surrounding the Chester and Athens Dome (Karabinos, 2002). The domes are surrounded
by high-strain zones (Karabinos, 2002). These zones decoupled deformation in the core
gneisses from the overlying nappes (Karabinos, 2007). Sense of shear indicators were
found to suggest the rocks above the high-strain zone were displaced to the southwest
(Karabinos, 2007). These observations depict normal-sense displacement during
deformation (Karabinos, 2007). This argument sides with the nappe interpretation and
shearing, which would still classify these domes as fault-related domes. A more recent
study has suggested that the Chester Dome is surrounded by a ductile, normal-sense shear
zone due to a correlation between the attenuated units and the highly strained mylonitic
rocks around the dome (Karabinos et. al., 2010). The high-strain zone separated the
rocks, where the structurally higher rocks were transported to the west as nappes and the
lower rocks were transported northward (Figure 5) (Karabinos et. al., 2010). This
suggests that the domes formed due to extension from a ductile, normal-sense shear zone.
The studies summarized above show that there is a discrepancy among scientists
regarding the formation of the gneiss domes in New England. Ratcliffe et. al., (1997),
Hickey and Bell (2001) and Bell and others (2005) prefer the hypothesis that the
formation of the domes are not related to nappe formation. Karabinos (1999, 2002, 2003,
2007) and Karabinos et. al. (2010) favor the hypothesis that the formation of the domes
was related to the emplacement of nappes and extensional shear zones. What is agreed
upon is that the Chester and Athens Dome is in fact gneiss domes.

1.3 40Ar/39Ar Geochronology
1.3.1 Approaches to Radiometric Dating
9

Geologists have utilized many different techniques in order to determine the ages
of geologic events. Initially, relative dating techniques were employed to determine the
sequence of geologic events that took place without specifying ages. These techniques
included uniformitarianism, original horizontality, superposition, lateral continuity, crosscutting relationships, intrusions, inclusions, and faunal succession. While relative dating
techniques are very helpful, they are not quantitative. Absolute dating provides an age of
the geologic material through the use of radioactive elements and their rate of decay.
These two approaches have helped geologists determine the ages of rock units and
understand much of our geologic history.
Determining absolute ages requires the use of radioactive decay in isotopes that
occur naturally in rocks and minerals. The radioactive parent isotope decays into a stable
daughter isotope with a rate of decay that is unique for that isotope. Decay can occur as
isobaric decay, where the daughter product has the same atomic mass as the parent, or as
alpha decay, during which an alpha particle (two neutrons and two protons) is ejected
from the nucleus (Dickin, 2005). The rate of decay is unique for each isotope and is
measured in half-lives, which is the amount of time it takes for half of the number of
parent isotopes present to decay into the daughter isotopes. If 1) the half-life of the parent
isotope (which is related directly to the decay constant, λ), 2) how much parent isotope
(N) remains in the sample at the present, and 3) how much daughter product has formed
as a result of decay (D*) is known, then the age (t) of the sample can be determined using
the equation t = (1/λ)ln(1+D*/N).
There are different methods of determining the age of a sample through
radioactive decay, and they depend on what elements are present in the sample. Some

10

different methods include the Rb-Sr method, the Sm-Nd method, the U-Pb method, the
K-Ar method, and the 40Ar/39Ar method. These different methods can be used to
determine the ages of samples and to possibly date thermal and/or deformation events
that have affected the sample. The following paragraphs explain these different methods.
For the Rb-Sr method, rubidium has two naturally occurring isotopes which are
85

Rb and 87Rb (Catanzaro et al., 1969). The 87Rb isotope is radioactive, and it decays into

stable 87Sr through the emission of a beta particle (Ahrens, 1949). The Rb/Sr ratios will
range due to the radioactive decay of 87Rb to 87Sr, from rubidium substituting for
potassium in potassium bearing minerals while strontium substituting for calcium in
calcium bearing minerals, and from the rubidium and strontium being fractionated by
igneous processes (Dickin, 2005; Ahrens, 1949).
For the Sm-Nd method, the half-life of 147Sm is short enough to produce
measureable differences in 143Nd over time spans of millions of years or more (O’Nions
et. al., 1979). Garnet is a good target mineral for this dating method (Ganguly et al.,
1998). The half-life of 147Sm is particularly useful for dating Precambrian samples, and
this method can also date igneous protolith ages in high-grade metamorphic gneiss
terranes when other dating methods would have been reset from the metamorphism
(O’Nions et.al., 1979).
In the U-Pb method, the 238U half-life is similar to the age of the earth at
approximately (4.468 ± 0.0024) x 109 years (Jaffey et. al., 1971). As summarized by
Dickin (2005) and references therein, a unique property of this method is that there are
two separate decay schemes with common parent and daughter nuclides, which means
that information about the age of the sample can be obtained even from disturbed
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systems. Since zircons are uranium rich and widely distributed, they are the most
commonly targeted for uranium-lead dating (Davis et. al., 2003).
Potassium-Argon dating is based on the radioactive decay of 40K to 40Ar. 40K has
a total half-life of 1250 Million years associated with a dual decay path into either 40Ca or
40

Ar (Aldrich and Nier, 1948). In samples with simple, fast-cooling thermal histories such

as volcanic rocks, this method ideally yields ages that represent the time passed since
eruption and cooling occurred for the sample (McDougall et. al., 1999 and references
therein).

1.3.2 40Ar/39Ar Geochronology
The 40Ar/39Ar method developed from the K-Ar dating method, and requires
irradiating the sample with fast neutrons in a nuclear reactor in order to transform some
of the 39K atoms present to 39Ar (Merrihue and Turner 1966). 39Ar becomes the proxy for
the parent isotope, 40K, as described further below, and can be measured via the same
noble gas mass spectrometry methods used to analyze 40Ar. Additionally, a step-heating
method can be used in 40Ar/39Ar dating in order to determine the thermal history of the
sample (Merrihue and Turner, 1966). Figure 7 outlines a brief comparison of the two
techniques.
The following overview of the technique is summarized by McDougall et al.
(1999) and references therein. Radiogenic 40Ar accumulates as a daughter product over
time and can be measured in metamorphic and igneous rock samples. As stated for the KAr technique, knowing the amount of parent 40K and the radiogenic daughter 40Ar within
the rock or mineral, along with the decay rate of 40K to radiogenic 40Ar, the age of the
rock or mineral can be calculated, thus dating either the time of cooling or
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(re)crystallization. Since rocks may have undergone reheating since their initial
formation, the radiogenic 40Ar (a noble gas that is not bonded within the crystal structure)
may have been partially or entirely lost, making the age dated to be either the time since
initial cooling, the time since cooling after a metamorphic event, or an intermediate age.
For this reason, it is important to understand the geologic history that has occurred in the
sampling area before trying to interpret the data.
Prior to dating a rock or mineral, sample preparation must be completed. For the
best dating results, discrete mineral phases should be separated (McDougall et. al., 1999).
Ideally, the minerals should be examined in thin section prior to sample preparation to
obtain an understanding of the geologic history this sample has undergone and which
minerals would be best to be targeted. High-purity mineral concentrates (> 99% purity)
should be obtained with no alteration or inclusions, be free of composites, and be
relatively coarse grained (McDougall et. al., 1999).
In order to date a rock or mineral using the 40Ar/39Ar method, the sample must
first be sent to a nuclear reactor to be irradiated with fast neutrons in order to transform
the 39K atoms to 39Ar (Turner, 1971a and references therein). One advantage to using the
40

Ar/39Ar method over the K/Ar method for dating minerals and rocks is that the sample

doesn’t need to be fused initially, and instead it can be heated in steps to release the argon
(Figure 8). After the sample is heated at the predetermined temperature or laser wattage,
the gas sits in the extraction line to be purified before being equilibrated with the mass
spectrometer (McDougall et. al., 1999). Once the gas has been cleaned, it can be admitted
into the mass spectrometer. In the 40Ar/39Ar mass spectrometer, it is important to ensure
that there is proper pressure equilibration for the argon gas that is allowed in (McDougall
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et. al., 1999). If too large of an amount of gas is admitted into the mass spectrometer to be
measured, it must be pumped away before damage could be done to the machine. The
ratio between radiogenic 40Ar and the 39Ar produced from 39K during irradiation is
determined. This ratio is proportional to the radiogenic 40Ar/40K ratio since the 39Ar
produced during irradiation is dependent on the amount of 39K present, and the 39K/40K is
constant in nature (McDougall et. al., 1999 and references therein). A standard sample, or
neutron fluence monitor, with a known K/Ar age is irradiated along with the samples
whose age needs to be determined in order to obtain the J-Factor derivation, which
determines the production ratio of 39Ar that forms from 39K during irradiation
(McDougall et. al., 1999; Turner, 1971a). The J-factor changes spatially, so multiple
standards have to be coirradiated in between the samples of unknown age. Sanidine is
commonly used as a fluence monitor due to its reproducibility of argon data attained
(Renne et. al., 1998). An improvement in determining the decay constants and ages of
standards will increase the accuracy of this method (Renne et. al., 1998).
Prior to running a sample through the mass spectrometer, a blank must first be run
in order to determine the background signal of each isotope. This amount of argon is
subtracted from each of the sample’s argon results that were run after that blank was
taken and prior to another blank. It is also important to measure aliquots of atmospheric
argon so that the mass discrimination of the mass spectrometer can be determined; this
must be done regularly because the mass discrimination may change with time
(McDougall et. al., 1999).
The 40Ar/39Ar method is useful since any potassium-bearing mineral or rock can
potentially be used for 40Ar/39Ar dating, mostly in metamorphic and igneous rocks
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(McDougall et al., 1999). The most commonly used minerals are plagioclase, potassium
feldspar, feldspathoids, micas, amphibole, pyroxene, whole rock, volcanic glass, clays,
evaporates, alunite-jarosite, and manganese oxides (McDougall et al., 1999). Very finegrained minerals, such as clays, are not suitable for 40Ar/39Ar dating due to their inability
to retain 39Ar generated during the irradiation process, and they may lose argon in
conditions that are slightly outside of ambient temperatures (McDougall et al., 1999).

1.3.3 Microstructural Analysis
The methods described above determine the ages of geologic events and/or
thermal histories, but microstructural analysis of thin sections provides information about
what geologic event the method is dating. The microstructural analysis of the thin
sections is completed in order to determine the temperatures of deformation, shear sense,
and the types and numbers of foliations in each of the samples (Passchier and Trouw,
2005). Petrographic analysis also provides evidence to which minerals would be
appropriate for dating and which would not be. The petrographic analysis shows if
minerals contain inclusions or not, or if they have been altered. Minerals with inclusions
and alterations are avoided for dating because analyses typically result in mixed,
meaningless ages.
Analyzing thin sections provides evidence regarding the thermal and deformation
histories that a sample may have been subjected to and, thus, guides interpretation of the
age. If a sample was never subjected to deformation and cooled very quickly, 40Ar/39Ar
step-heating would result in a “plateau”, or a suite of concordant apparent ages, which
would be its crystallization age (Figure 8c). However, if a sample has undergone late
deformation, reheating, and/or had a slow cooling history, 40Ar/39Ar step-heating would
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reveal an age gradient (Figure 8d). These age gradients would provide constraints on the
time partial resetting occurred, the significance and interpretation of which relies on
microstructural analysis. For example, the microstructural analysis would determine if
there was deformation present in the thin section and therefore if deformation was the
cause for younger ages. If deformation is not present, then the cause could be a slow
cooling instead, which would likely be associated with polygonal or decussate mineral
textures in thin section. The importance of microstructural analysis of thin sections makes
it a benefit to complete prior to mineral separation and the dating because one can choose
the most meaningful samples given the context of the study.

1.3.4 Applications of 40Ar/39Ar Geochronology
40

Ar/39Ar geochronology has been used globally to determine the timing of

geological events. The step-heating process allows the argon to be removed in stages and
can be used to resolve age gradients that may relate to metamorphism or tectonic events.
Argon loss can be a result of slow cooling, or it can be due to deformation. One mineral
that is common for this technique is white mica. White micas are used for dating crustal
deformation due to their stability under low-grade metamorphic conditions (Dunlap et.
al., 1991). A few examples of the application of this method are described in the
following paragraphs.
40

Ar/39Ar data from high-grade metamorphic areas generally record metamorphic

cooling ages due to the metamorphism exceeding the argon closure temperatures for
white micas (Castonguay et al., 2007). The argon closure temperature for white micas are
approximately 350oC for moderate cooling rates (McDougall and Harrison, 1999 and
references therein). However, in low-grade metamorphic areas, the argon closure
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temperatures are not exceeded and therefore a deformation age may be extracted from the
white micas (Castonguay et. al., 2007). In central Australia, white mica minerals from
low-grade mylonites were dated using the 40Ar/39Ar method in order to determine if the
white mica results represent cooling ages or deformation-induced neocrystallization ages
(Dunlap, 1997). Deformation can result in a reduction of grain size and dissolution of old
grains along with neocrystallization of new grains during greenschist facies conditions
(Dunlap et. al., 1991). White micas record the closure to loss of argon when they grow
during the low-grade deformation and represent a heterogeneous system (Dunlap, 1997).
Calculating if the micas record cooling ages or neocrystallization can be accomplished by
utilizing the temperature-time histories for potassium feldspars and the grain sizes for the
white micas (Dunlap, 1997). Dunlap (1997) determined that in his study the white micas
record a neocrystallization age, which indicates they record the timing of when ductile
deformation ceased.
A study completed by Hames et al., (1994) in south-central Arizona shows that in
muscovite, argon loss primarily occurs due to cylindrical volume diffusion. If there are
variations in the diameters of coexisting micas, this may result in differences in closure
temperature and age between these minerals (Hames et. al., 1994). This accounts for the
changes in radiogenic 40Ar concentrations during protracted cooing episodes (Hames et.
al., 1994).
Assuming there is thermally activated volume diffusion, different minerals have
different closure temperatures. For biotite, an age will normally approximate the cooling
age of a sample if there is no reheating (McDougall and Harrison, 1999). The
approximate closure temperature for biotite for 40Ar/39Ar geochronology ranges from
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300-350oC (McDougall and Harrison, 1999). Hornblende can be very retentive of argon
and contain closure temperatures of approximately 500oC for moderate cooling rates
(Hanson and Gast, 1967; McDougall and Harrison, 1999).

1.4 New England Geochronology and Tectonic History
40

Ar/39Ar geochronology has been utilized globally in order to understand

geologic history. In New England, 40Ar/39Ar geochronology has been utilized mainly in
order to determine the timing of metamorphism that occurred through the use of multiple
minerals. The following sections seek to describe different applications of 40Ar/39Ar
geochronology in the New England region, how different minerals were utilized for the
geochronology, and how this helped determine what the tectonic history of this area is.

1.4.1 Geologic Background
This section summarizes previous investigations regarding the metamorphism and
geochronology of the region in which the Chester and Athens Dome lies. Ages of
multiple minerals have been dated in order to determine when deformation occurred in
New England in an attempt to better understand the geologic history of this region. This
section includes a summary of the deformation and tectonic orogenies that affected areas
including, from west to east, the Green Mountain Massif in the western section of
Vermont, the Rowe-Hawley Belt, The Connecticut Valley-Gaspe trough, and finally
furthest to the east the Bronson Hill Anticlinorium residing in the western section of New
Hampshire (Figure 10).

1.4.1.1 Overview of the Tectonic Evolution
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The New England regional geology records an intricate history, for which the formations
found in this region give us an insight. In northeastern North America, the earliest history
relates to the the Grenville Orogeny, which resulted from collision between Laurentia and
Amazonia during the Mesoproterozoic Era and lasted for approximately more than 100
million years (Hynes and Rivers, 2010). In New England, U-Pb zircon studies were
conducted of metamorphosed igneous rocks that were sampled from the Adirondack
Mountains (McLelland et. al., 1988). These zircons yielded ages ranging from 1420-990
Ma, which suggest a sequence of events occurred prior to the deformation that was
caused from the Grenville Orogeny (McLelland et. al., 1988). The Mount Holly Complex
in Vermont formed during 1.34-1.31 Ga volcanic arc activity during the Grenville
Orogeny (Ratcliffe et al., 1991).
The next major event involved continental rifting and the opening of the Iapetus
Ocean. In western Vermont, characteristics of greenstones from within the Green
Mountain slice suggest that they formed during late Precambrian rifting of the continent
from Rodinia which led to the opening of the Iapetus Ocean (Coish et al., 1985). The
Stowe Formation is part of the Rowe-Hawley belt in Vermont, in between the Green
Mountain Massif and the Connecticut Valley Gaspe Trough. Metamorphosed mafic rocks
from the Stowe Formation were determined to have formed during the late rifting stages
of Rodinia (Coish et al., 2011). These greenstones and amphibolites, which contain
evidence for late-stage rifting, indicate that the protoliths for these rocks were deposited
on the Laurentian continental margin prior to the drifting stage of the Iapetus Ocean
(Coish et al., 2011). Data from the Iapetus margin of Laurentia may suggest that a
multistage rift history had occurred, which involved two separate episodes (Cawood et
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al., 2001). The first episode involved the separation of Laurentia from the Gondwana
cratons approximately 570 Ma, which produced the Iapetus Ocean (Cawood et at., 2001).
The second episode included the rifting of blocs from Laurentian at approximately 540535 Ma, which produced a seaway as the continental block split from the Laurentian
continent (Cawood et al., 2001).
The subsequent closure of the Iapetus Ocean was a multistage process, which
includes the Taconic and Salinic Orogenies in the northern Appalachian Mountains
(Macdonald et al., 2014). This closure occurred during collision and accretion of arcs and
terranes with the Laurentian margin (Stanley and Ratcliffe, 1985; Pinet and Tremblay,
1995). Originally, models explained the Taconian orogeny as a collision between the
Laurentian margin and the Bronson Hill arc (Stanley and Ratcliffe, 1985). However,
more recent studies have found that the Bronson Hill arc contains ages younger than the
Taconian deformation and metamorphism (Karabinos et al., 1998). U-Pb and
geochemical analyses revealed an older Shelburne Falls arc that formed west of the
Bronson Hill arc, above an east-dipping subduction zone (Karabinos et al., 1998). It was
determined that the Taconic orogeny instead resulted from the collision between the
Laurentian margin and the Shelburne Falls arc approximately 475 to 470 Ma (Karabinos
et al., 1998). Recent U-Pb zircon geochronology found that the Shelburne Falls arc was
constructed on a Gondwanan-derived terrane in the Moretown Formation (Macdonald et
al., 2014). These authors proposed that the Rowe belt was subducted under the Moretown
terrane prior to 475 Ma, and that the Moretown Formation is of Cambrian age. Thus, a
Cambrian rifted-arc system of Gondwanan margin formed multiple terranes that crossed
the Iapetus Ocean and collided with peri-Laurentian fragments approximately 475 Ma,
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closing the Iapetus (Macdonald et al., 2014). This orogeny ended with the formation of a
newly developed west-dipping subduction zone east of the Bronson Hill arc (Karabinos et
al., 1998).
The Salinic Orogeny began after accretion of the edge of Ganderia occurred (van
Staal 1994). Salinic subduction of the back-arc basin was determined due to 447-430 Ma
metamorphic rocks in northern New Brunsqick (van Staal et al., 1990). Amphiboles from
southern Quebec record 40Ar/39Ar plateau and apparent low-temperature step ages
ranging from 429 to 424 Ma and biotite plateau ages of 420 to 411 Ma; together these
data are interpreted to reflect the timing of the Salinic Orogeny (Tremblay and Pinet,
2016). Muscovite plateau ages from 433 to 405 Ma formed during deformation and
metamorphism of this orogeny (Castonguay et al., 2007).
The Acadian Orogeny began in the Late Silurian and continued into the Middle
Devonian. It has been thought to be due to the closure of the Acadian seaway that was
located between the composite Laurentia and Avalonia (Bradley et al., 2000; van Staal
and Barr, 2012). In the early stages of Acadian Deformation, the metasediments from the
Connecticut Valley Gaspe Trough were transported westward as large-scale nappes
(Karabinos et al., 2010). Acadian metamorphism in New England in the east is different
from metamorphism in the west, and the Eastern metamorphism was proposed to be due
to Taconian back-arc lithospheric modification (Armstrong et al., 1992). The Eastern
Acadian metamorphic belt contains the Bronson Hill Belt and the Central Maine Terrane
in central New England (Armstrong et al., 1992). Thickening in Western Acadian
predates metamorphic conditions at 395-385 Ma (Armstrong et al., 1992). The Western
Acadian metamorphic belt contains western Connecticut and Massachusetts, and the
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eastern half of Vermont (Armstrong et al., 1992). This Western Acadian deformation
ended approximately 370-375 Ma, due to a constraint by pegmatite and granitoid ages
(Armstrong et al., 1992). 40Ar/39Ar geochronology completed on hornblende yielded ages
interpreted to indicate that the Acadian metamorphism was waning approximately 380
Ma near the Chester Dome (Laird et al., 1984; Spear and Harrison, 1989). Laird and
others (1984) determined through 40Ar/39Ar data for biotite, muscovite, actinolite,
hornblende and glaucophane that Acadian metamorphism occurred from approximately
386 Ma to 355 Ma in northern Vermont.
In New England and parts of Canada, two volcanic arcs were found to have shut
off at the time of the Acadian orogeny (Bradley, 1983). The first volcanic arc was built
on arc basement that was accreted during the Taconic orogeny whereas the second
volcanic arc was accreted on the continental basement of Avalonia (Bradley, 1983). In
western Massachusetts, U-Pb geochronological data constrained the main phase of
Acadian deformation to be approximately 373-376 Ma (Karabinos and Williamson,
1994). In western New England in the Taconic Allochthon, 40Ar/39Ar ages of cleavage
formation in slates and phyllites found that the S3 was interpreted to be the main phase
Acadian cleavage, dating at 370.0 ± 1 Ma (Chan et al., 2000). In southeastern Quebec,
Acadian metamorphism was recorded by an orthoclase cooling age of 377 ± 4 Ma, which
provided an estimate on the timing of the peak Acadian metamorphism in this area
(Whitehead et al., 1996). In southern Quebec, 40Ar/39Ar muscovite ages indicate that
Acadian metamorphism and deformation peaked approximately 380-375 Ma in this area
(Tremblay et al., 2000). This metamorphism and deformation is attributed to Devonian
crustal over thickening from plate convergence (Tremblay et al., 2000). In southern
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Quebec, intrusive rocks are found to have not been affected by Acadian deformation, and
therefore provide an upper age constraint for the tectonism (Tremblay and Pinet, 2016).
These plutons range from 384-374 in southern Quebec (Simonetti and Doig, 1990), and
391.3 ± 3.4 Ma in Gaspe (Whalen et al., 1991). The age of regional metamorphism in the
Dunnage Zone and in the Gaspe Belt are dated from approximately 395-375 Ma
(Armstrong et al., 1992; Tremblay et al., 2000). In Sutton-Notre Dame Mountain
Anticlinorium, Acadian imprint has been determined through 40Ar/39Ar age spectra to be
approximately 390 Ma (Castonguay et al., 2007). In Maine, evidence can be found
suggesting compressive East-directed deformation and metamorphism that began
approximately 420 Ma in the Merrimack Trough (Tremblay and Pinet, 2016). In the
Gaspe Belt, Acadian metamorphism and deformation are constrained to be no older than
approximately 395 Ma in western New England, and approximately 375 Ma in Quebec
(Tremblay and Pinet, 2016). In New England and southern Quebec, ages range from 370395 Ma for the beginning and peak of the Acadian deformation. In western New England
and in western Massachusetts, the main phase of the orogeny was constrained from 370376 Ma (Karabinos and Williamson, 1994; Chan et al., 2000). There is a lot of data
constraining the timing of the Acadian Orogeny, and that shows how complicated it is.
Further studies will help constrain the timing further.
These events impacted the New England area. The following sections detail the
geology of four belts in Vermont that have experienced the Grenville Orogeny, the
Taconic Orogeny, the Salinic Orogeny, and/or the Acadian Orogeny.

1.4.1.2 Green Mountain Massif
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The Green Mountain Massif is located in the south-central section of Vermont.
The base of the Massif is at the Vermont–Massachusetts border. This is located in
between the Taconic Allochthon to the west and the Rowe-Hawley Belt on the east. The
Green Mountain Massif can be found in the southern half of Vermont whereas the Green
Mountain Anticlinorium is north of it and stretches for most of the northern half of
Vermont.
The following summarized from Sutter et al. (1985) describes samples dated from
the Green Mountain Massif. Biotite and hornblende minerals were sampled from the
Precambrian basement gneisses of the Green Mountain Massif for 40Ar/39Ar age dating.
These ages were integrated with available K-Ar and 40Ar/39Ar data from the area in an
attempt to determine the age of deformation that occurred. It was concluded through
40

Ar/39Ar geochronology on hornblendes that the eastern margin of the Green Mountain

Massif recorded a Grenvillian cooling age. Hornblendes in the massif also recorded a
Taconian age metamorphic overprint in these western areas. On the eastern side of the
Green Mountain Massif, Acadian metamorphic overprinting can be found. This
interpretation indicates that the Taconic Orogeny affected the Green Mountain Massif,
both in the east and west overprinting the minerals that were affected by the Grenville
Orogeny, whereas the Acadian Orogeny only affected the eastern half of the massif
(Sutter et. al., 1985).
Amphibole and muscovite 40Ar/39Ar total fusion ages from northern Vermont
record Ordovician Taconic metamorphism from the Canadian border to the core of the
Green Mountain Anticlinorium (Laird et. al., 1984). The Taconic metamorphism can be
found in biotite and garnet-grade schist west of the Green Mountain Anticlinorium,
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whereas the Acadian metamorphism can be found in biotite and kyanite-grade schist east
of the Green Mountain Anticlinorium (Laird et. al., 1984). Medium pressure Acadian
metamorphism overprinted the high-grade Taconic metamorphism to the east of the
Green Mountain Anticlinorium axis and possibly to the west as well (Laird et. al., 1984).
In northern Vermont, studies obtained data that document continuous
tectonometamorphic activity throughout the Ordovician to the Devonian (Castonguay et.
al., 2011). There are three regional phases that the evolution of northern Vermont can be
separated into, which include the first two phases (D1 associated with westward
emplacement of thrust slices and D2 associated with metamorphic overprint) being
Taconian, whereas the third phase is Acadian (Castonguay et. al., 2011). Amphibole and
muscovite minerals collected from the Green Mountain Anticlinorium were used in
40

Ar/39Ar geochronology to improve the age constraints on these three phases

(Castonguay et. al., 2011). The new model includes three phases of deformation, the early
event encompassing events related to Taconian orogeny, the middle event including
Silurian-Early Devonian fabrics, and the late phase overprint associated with the final
development of the Green Mountain anticlinoria (Castonguay et. al., 2011).

1.4.1.3 Rowe-Hawley Belt
The Rowe-Hawley Belt is located to the east of the Green Mountain Massif and to
the west of the Connecticut Valley Gaspe Trough. The Chester and Athens Dome can be
found in this belt. In central Vermont, three main stratigraphic units are in the CambrianOrdovician contact in central Vermont east of the Green Mountain axis (Currier et. al.,
1941). These units, which were sedimentary rocks that became greatly deformed
metamorphic rocks, are the Cram Hill formation, the Shaw Mountain formation, and the
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Northfield slate (Currier et. al., 1941). The rocks of the Cram Hill formation constitute
the upper part of the Missisquoi schist and are possibly Ordovician in age (Currier et. al.,
1941). Fossils that were found within the Shaw Mountain formation indicate that this
formation is either Middle Ordovician or later, and it is stratigraphically above the Cram
Hill Formation (Currier et. al., 1941). The Northfield slate lies unconformably above the
Shaw Mountain formation and beneath the Waits River formation (Currier et. al., 1941).
The Rowe-Hawley Belt contains the Rowe Slices, which include the Worcester Complex,
Hyde Park Slice, and Prospect Rock Slice, and the Moretown-Hawley Slices (Coish et.
al., 2011). Within this belt are the Moretown Formation, the Hoosac Formation, the
Pinney Hollow Formation, the Ottauquechee Formation and the Stowe Formation. These
formations have all experienced metamorphism. The Chester and Athens Dome is located
within this belt on the eastern side.
The cores of the Chester and Athens Dome are composed of the Hoosac
Formation, the Tyson Formation, the Cavendish Formation, and the Mount Holly
Complex. Doll and others (1961) named the Cavendish Formation, a group of
metasedimentary and meta-igneous rocks in the Pre-Taconian cover sequence that
includes the Readsboro Member consisting of schist, the Bull Hill Gneiss, and a buff
dolomitic marble unit (Karabinos et. al., 1999). Based on U-Pb zircon dating, the
Cavendish Formation is younger than 940 Ma, and the metasedimentary rocks from the
Cavendish gorge are correlated with the Tyson and Hoosac Formations (Karabinos et al.,
1999). The Hoosac, Pinney Hollow, Ottauquechee and Stowe Formations are Ordovician
to Cambrian whereas the Moretown Formation is Ordovician. The units in the northern
section of the Chester Dome are extremely thinned, where the only units found are the
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basement rocks, the Moretown formation, and the Silurian and Devonian units, whereas
there is less thinning in the units in the southern section of the dome. (Karabinos et al.,
2010).
Hornblendes from two samples taken from the Chester and Athens Dome from in
the Rowe-Hawley Belt resulted in ages of 379 ± 2 Ma and 373 ± 2 Ma, whereas
hornblendes taken from near the Pomfret and Strafford Domes were 350 Ma and 397 Ma
(Spear et. al., 1989). These Acadian cooling ages reveal Acadian thermal overprint along
these domes (Spear et. al., 1989).
Metamorphosed mafic rocks from the Stowe formation within the Rowe-Hawley
Belt contain greenstones and amphibolite which formed as basaltic eruptions during the
late stages of continental rifting of Rodinia (Coish et al., 2011). It has been suggested that
the protoliths of the Rowe slices were deposited on the Laurentian continental margin and
were detached and thrust west during the Taconic Orogeny (Coish et al., 2011).
The Hoosac Formation contains garnet porphyroblasts preserving truncated
inclusion trails along a well-defined boundary, which indicates two periods of garnet
growth (Rosenfeld 1968). Karabinos (1984) found evidence in garnets for a retrogression
between the two stages that Rosenfeld (1968) described. Metamorphic conditions suggest
that there are different metamorphic histories for the rocks on either side of the highstrain zone surrounding the Chester and Athens Dome (Karabinos et al., 2010). It was
found that the core rocks of the dome contain peak metamorphic conditions ranging from
~500 to 650oC and 8 to 11 kbar (Vance and Holland, 1993; Kohn and Valley, 1994).
Pressure–temperature paths were estimated for garnet-bearing schists, and the results
suggest the high-strain zone was active during synmetamorphic normal-sense shear
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(Karabinos et al., 2010). The high-strain zone separated the structurally higher rocks from
the lower rocks, where the higher rocks were transported to the west as nappes and the
deeper rocks were forced northward under the nappes (Karabinos et al., 2010).

1.4.1.4 Connecticut Valley Gaspe Trough
The Connecticut Valley Gaspe trough consists of Silurian rocks containing shelf
and trough sediments that were deposited from Laurentia and the early Devonian rocks
being flysch from Avalonia, along with volcanic rocks (Keppie et al., 1994). The Silurian
rocks are a northwest derived and southeast thickening sequence containing shallow
marine sedimentary rocks (Keppie et al., 1994). The Devonian flysch are derived from
the east (Keppie et al., 1994). It is suggested that the mafic intrusions were formed
during the same Silurian extension that led to the formation of the Connecticut Valley
Gaspe trough (Rankin et al., 2007).
The Silurian and early Devonian rocks in the northern Appalachians occur in
three synclinoria which include the Connecticut Valley Gaspe, the MerrimackAroostook, and the Fredricton synclinoria (Keppie et al., 1994). The Connecticut ValleyGaspe Trough is an elongate post-Taconian basin developed during subsidence in the
Silurian and early Devonian (Bradley, 1983). These Silurian and early Devonian rocks
rest unconformably or in a fault contact with older rocks (Tremblay et. al., 2000). This
basin was suggested to be the result of crustal extension triggered by delamination and/or
subduction retreat along with synorogenic collapse (Tremblay et. al., 2000). This trough
is located on the eastern side of Vermont and runs along the Vermont–New Hampshire
border, and continuing to the north in Quebec it can be found to the east of the RoweHawley zone and the west of the Bronson Hill Anticlinorium.
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The sediments making up the Connecticut Valley trough were deposited before
the Laurentia and Avalon collision (Karabinos, 2003). When the collision occurred, there
was shortening of the deposits that is expressed as west-verging nappes (Karabinos,
2003). Silurian-Devonian ages were determined from U-Pb SHRIMP ages of zircons
taken from the Connecticut Valley-Gaspe trough (McWilliams et. al., 2008). Ages from
the Waits River and Giles Mountain formations suggest that there were both eastern and
western sources for the sediments (McWilliams et. al., 2008). Younger volcanic zircon
ages from the Gile Mountain Formation suggest the eastern sediments were older and
were buried when the volcanism and deposition occurred in the west (McWilliams et. al.,
2010). A change in depositional environments from continental slope to near shore
between the Waits River and Gile Mountain formations suggest westward migration of
thrust sheets occurred during the Acadian orogeny (McWilliams et. al., 2010). These
nappes, or westward moving thrust sheets, became overprinted in the Acadian orogeny
when they were experiencing a doming phase in the Rowe-Hawley belt west of the
trough (Karabinos, 2003).
The rocks in the Connecticut Valley, which include the Gile Mountain Formation
and the Waits River Formation, has been subjected to amphibolite facies metamorphism
during the Acadian Orogeny (Spear et. al., 1989). The Gile Mountain Formation and the
Waits River Formation are Silurian-Devonian units found in eastern Vermont with the
Gile Mountain being younger than the Waits River Formation in the Royalton area
(Fisher et. al., 1980). The formations are interpreted to be in normal stratigraphic contact
due to the gradational nature of the contact between the two formations along with the
absence of tectonic disruption (Fisher et. al., 1980). 40Ar/39Ar geochronology of
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hornblende from eastern Vermont in this trough produced Late Ordovician to Silurian
ages (Spear et al., 1989). The Waits River is the older formation of the Connecticut
Valley sequence followed by the Standing Pond Volcanics on top, both of which are
Silurian in age (Rankin, 2007). In the Devonian and above the volcanics is the
Meetinghouse Slate Member followed by the Gile Mountain Formation on top of that
(Rankin, 2007).
It has been proposed that the Acadian metamorphism that occurred in eastern
New England is distinctly different from that in the west due to contrasting styles of
metamorphism recorded in metamorphic field gradients and petrological evidence for
different pressure-temperature graphs (Armstrong et. al., 1992). These differences
suggest two related events called Eastern and Western Acadian where the eastern event is
older (Armstrong et. al., 1992). The Eastern Acadian metamorphic belt comprises the
Bronson Hill belt and the Central Maine Terrane whereas the Western Acadian
metamorphic belt contains much of western Connecticut and Massachusetts along with
the eastern half of Vermont (Armstrong et. al., 1992). Rock units that were affected by
Acadian metamorphism in southern Quebec are part of the Western Acadian belt and this
deformation peaked around 380-375 Ma (Tremblay et. al., 2000). Dating hornblende,
muscovite, and orthoclase in southeastern Quebec with 40Ar/39Ar geochronology revealed
a Taconic orogeny event around 463 Ma and Acadian metamorphism at 377 + 4 Ma
using an orthoclase cooling age (Whitehead et. al., 1996). The orthoclase age provides
timing of peak Acadian metamorphism whereas the peak Taconic event is dated using a
muscovite cooling age of ~463 Ma (Whitehead et. al., 1996). Amphibole in samples from
this area show no signs of resetting, indicating that metamorphic grade didn’t exceed
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greenschist facies in the Canadian Appalachians during crustal thickening that occurred
during the Taconic orogeny (Whitehead et al., 1996). The western Acadian belt has hightemperature and high-pressure conditions which are due to crustal thickening while the
eastern Acadian belt has high-temperature and low-pressure conditions from plutonism
(Armstrong et. al., 1992). The dome-stage deformation characterized the end of the
orogeny (Armstrong et. al., 1992). Armstrong et al., (1992) argued for westward
emplacement of nappes from the east to account for crustal thickness from the Western
Acadian belt.

1.4.1.5 Bronson Hill Anticlinorium
The Bronson Hill Anticlinorium is located on the eastern side of the Connecticut
Valley Gaspe trough along the Vermont-New Hampshire border and in New Hampshire.
A table in the Rankin and others (2007) paper, citing Gradstein et al. (2004), and Fortey
et al. (1995) for the time scale, depicts the sequence of the layers in the anticlinorium.
The youngest layers of the Bronson Hill sequence contain the Albee Formation, followed
by the Ammonoosuc Volcanics, and then the Partridge Formation above it, all of which
are considered to be Ordovician in age (Rankin, 2007). Above the Partridge Formation,
there is an unconformity that separates it from the Silurian Clough Quartzite (Rankin,
2007). The Fitch formation is above the Clough Quartzite and also is Silurian in age
(Rankin, 2007). There is a disconformity that separates the Fitch Formation from the
overlying Devonian Littleton Formation (Rankin, 2007). The Bronson Hill Anticlinorium
contains the Amonoosuc Volcanics, Partridge Formation, and the Oliverian and
Highlandcroft Plutonic Suites which are considered a single magmatic arc that was from
the closure of the Iapetus Ocean (Moench et. al., 2002). Geochronology determined that
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the Bronson Hill Anticlinorium contains two volcano-sedimentary-intrusive sequences
named the Ammonoosuc sequence, from the Middle Ordovician, and the Quimby
sequence, from the Upper Ordovician and Lower Silurian (Moench et. al., 2002).
40

Ar/39Ar geochronology on hornblendes from along the Bronson Hill Anticlinorium

revealed Acadian ages (Spear, 1989).
The Taconian orogeny in western New England has originally been explained as a
collision between Laurentia and the Bronson Hill arc (Stanley and Ratcliffe, 1985). U-Pb
ages revealed that there was an older magmatic Shelburne Falls arc that formed west of
the Bronson Hill arc (Karabinos and Tucker 1992). The Shelburne Falls arc contains the
Barnard Volcanic Member of the Missisquoi Formation and the Hawley Formation, and
is separated from the Bronson Hill arc by the Connecticut Valley trough (Karabinos et al.,
1998). It was later proposed that the Taconian orogeny was due to the collision between
Laurentia and the Shelburne Falls arc and the orogeny ended when a west-dipping
subduction zone formed (Karabinos et al., 1998). The Bronson Hill arc formed above the
subduction zone east of the Shelburne Falls arc, and may have been a part of the end of
the Taconic orogeny (Karabinos et al., 1998). A more recent study by Karabinos et al.
(2017) places new constraints on terrane accretion on the Laurentian margin and
magmatic arc activity. Detrital zircon analysis suggest that the western boundary of the
Moretown terrane is the Rowe Schist-Moretown Formation contact while the eastern
boundary is in the Bronson Hill arc (Karabinos et al., 2017). The Moretown terrane
collided with the Shelburne Falls arc approximately 475 Ma (Karabinos et al., 2017).
Magmatic arc rocks in the Bronson Hill arc formed along the eastern edge of the
Moretown terrane (Karabinos et al., 2017).
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The Eastern Acadian metamorphic belt comprises the Bronson Hill belt and the
Central Maine Terrane (Armstrong et. al., 1992). White micas were analyzed on either
side of the Westminster West Fault Zone, and results suggests that the Bronson Hill
Anticlinorium experienced Alleghanian deformation. In the Bronson Hill, monazite
crystals were analyzed in situ (Spear et. al., 2008). The crystallization ages obtained
constrain the timing of the metamorphism and the timing of the nappe assembly (Spear
et. al., 2008). These results imply that the Big Staurolite nappe, which extends along the
western margin of the anticlinorium, occurred later than the units that lie structurally
above and below, indicating that the New Hampshire metamorphic rocks were juxtaposed
against the Vermont rocks during the Alleghanian Orogeny (Spear et. al., 2008).
40

Ar/39Ar geochronologic studies were also utilized in the Bronson Hill

Anticlinorium. This determined that the area experienced deformation from the Acadian
Orogeny and from the Alleghanian Orogeny.

1.4.2 Applications of 40Ar/39Ar Geochronology in New England
In New England, 40Ar/39Ar and K-Ar geochronology has been utilized to help
determine the timing of metamorphism that occurred due to orogenesis. The Taconic,
Salinic, Acadian, and Alleghanian Orogenies impacted this area and left evidence of
deformation. The following paragraphs describe some applications in which 40Ar/39Ar
geochronology was used in the New England area.
40

Ar/39Ar dating of metamorphic minerals can be used to understand the

deformation of polyphase low-grade orogens (Castonguay et al., 2007). The dating of
muscovite from the Sutton Mountain Anticlinorium discerned that there was a prograde
Taconian event followed by an Acadian overprint, indicating that multiple
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tectonometamorphic events are recorded in the Humber zone (Castonguay et al., 2007).
40

Ar/39Ar laser microprobe geochronology can also be used for dating deformation in

order to determine the age of cleavage formation (Chan et al., 2000). Analyzing tightly
packed cleavage domains yielded clustered ages interpreted as the crystallization ages of
the white micas that were defining the cleavage and therefore determined the age of when
the cleavage was formed (Chan et al., 2000).
In the Berkshire and Green Mountain Massifs, 40Ar/39Ar and K-Ar were analyzed
to determine the deformation that occurred in the area (Sutter et al., 1985). Analyses were
from biotites, hornblendes and whole rocks (Sutter et al., 1985). Results determined that
metamorphism in the Taconic allochthons and the emplacement of the Berkshire Massif
are both related to Taconian deformation (Sutter et al., 1985). The thrust faults were also
determined to be Taconic as well since the metamorphism coincides with crustal
thickening (Sutter et al., 1985). Data from the Green Mountain Massif through the eastern
Berkshire Massif suggests that metamorphism occurred during the Acadian Orogeny
(Sutter et al., 1985). As a result of the data, Sutter and others (1985) were able to compile
a metamorphic domain map that indicated areas with Acadian metamorphic zonation
compared to areas with Taconic metamorphic zonation.
The following summarized from McWilliams et al. (2013) demonstrates the
usefulness of the 40Ar/39Ar step heating method with white micas. Utilizing the step
heating method during 40Ar/39Ar geochronology may enable multiple age populations of
white micas to be determined. This can be done if the muscovite crystallized below the
closure temperature where 40Ar is effectively trapped within the mineral. In New
England, phyllonites were collected from the Westminster West fault zone and analyzed
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using the step-heating method. White micas from these samples yield crystallization ages
since they are fabric-defining and underwent crystallization at greenschst facies
conditions. The crystallization ages represent when the fault has last undergone
movement. On either side of the Westminster West fault zone, muscovite cooling ages
were established in order to compare these with the crystallization ages within the fault.
Results indicate that Acadian metamorphism affected the area west of the fault where the
results were interpreted to be cooling ages whereas a younger metamorphic event
affected the areas east of the fault where the results also reflect cooling ages. This implies
that Alleghanian deformation was transmitted into southeastern Vermont. The fault zone
experienced strain during the Pennsylvanian to Permian times and it marks the western
limit of Alleghanian deformation. This study by McWilliams et al. (2013) demonstrates
the usefulness of the step-heating method especially with white micas and how multiple
age populations can lead to a better understanding of the tectonic history in an area.

1.4.3 The Use of Multiple Minerals
The metamorphic and tectonic history of western New England has been a topic
that led to a lot of argon dating in the area in order to determine the timing of when
deformation occurred. 40Ar/39Ar dating of hornblende, muscovite and orthoclase in
Quebec were used to constrain ages of metamorphism in the Canadian Appalachians
(Whitehead et. al., 1996). The Taconic orogeny has been determined to have occurred at
~463 Ma in the Canadian Appalachians due to muscovite ages that were interpreted as
cooling ages following the metamorphism (Whitehead et al., 1996). Amphibole in
samples from this area show no signs of resetting, indicating that metamorphic grade
didn’t exceed greenschist facies in the Canadian Appalachians during crustal thickening

35

that occurred during the orogeny (Whitehead et al., 1996). This use of these minerals in
40

Ar/39Ar geochronology allowed for the tectonic history to be determined in the

Canadian Appalachians. This technique has been used in many studies and furthered our
understanding of the timing of deformation events.
Dating the deformation and tectonic history of the Berkshire and Green Mountain
Massifs was attempted by dating coexisting biotite and hornblende from the basement
gneisses using 40Ar/39Ar geochronology (Sutter et. al., 1985). This, along with previous
40

Ar/39Ar and K-Ar mineral ages, suggest that deformation in the Berkshire occurred

during the Taconian Orogeny (Sutter et. al., 1985). It was also determined that the areas
of maximum metamorphic intensity coincided with crustal thickening, leading to the
interpretation that the thrusts are also Taconian (Sutter et. al., 1985). Coexisting biotite
and hornblende were dated using the 40Ar/39Ar method in order to compare their plateau
ages (Sutter et al., 1985). The plateau age of the hornblende should be older than the
plateau age of the biotite when they are coexisting unless there was rapid cooling in
lower temperatures from around 480oC to 250oC, and the differences in their ages should
reflect the rate of cooling (Sutter et. al., 1985). Dating both minerals showed that ages
from areas affected only by Taconian metamorphism on the west side of the Green
Mountain Massif have a slow, discordant uplift since the hornblende and biotite plateau
ages are relatively different from each other, whereas areas affected by Acadian
metamorphism have a more rapid uplift since the plateau ages between the two mineral
types resemble each other more closely (Sutter et. al., 1985). This interpretation suggests
that the Chester and Athens Dome will have Acadian metamorphism and have similar
coexisting hornblende and biotite ages indicating a more rapid uplift since that is what the
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other areas on the east side of the Green Mountain Massif have shown (Figure 9). Dating
coexisting hornblende and biotite has shown that there is a spatial gradient across the
Green Mountain Massif. Dating both can also give more information for the sample. For
example, dating hornblende can give constraints on the timing of deformation that
occurred in the sample since hornblende since it has a higher closure temperature of
around 600oC, whereas dating biotite from the same sample may be able to define its
cooling history since it has a cooler closure temperature of around 300-400oC. Having
coexisting minerals to date using the 40Ar/39Ar method can provide much more
information than only having the age plateaus of one of those minerals.
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Figure 1. Tectonic map of New England modified after Karabinos and others (2017) and
Hibbard and others (2006). Abbreviations include: BM – Berkshire Massif, CLM – Chain
Lakes Massif, GMM – Green Mountain Massif, MGC – Massabesic Gneiss Complex,
CVGT – Connecticut Valley Gaspe Trough and CD – Chester and Athens Dome. The
yellow star represents the Spring Hill synform. The white star represents the Westminster
West Fault Zone.
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Figure 2. Geologic map modified after Ratcliffe and Armstrong (1995) showing the
Chester and Athens Domes. The interior of the domes are mostly (Y) gneiss and granite
from the Middle Proterozoic. Surrounding and inside the domes are (OCu) the Hoosac,
Pinney Hollow, Ottauquechee and Stowe Formations, undivided, from the Ordovician to
Cambrian. These units are also found to the west by the Green Mountain Massifs.
Surrounding these units are (Om) the Moretown Member, (Omb) the Barnard Volcanic
Member, and (Omc) the rusty schist member, all of which are Ordovician. A Cretaceous
alkaline intrusion (K) can be found in the northeast of the Chester dome. On the far east
of the Chester and Athens domes is the Waits River and Northfield Formations (DSwn),
undivided, from the Devonian and Silurian. Finally, (U) ultramafic rocks, can found to
the west of the Domes in the Om and Omc units. The three white stars, one located in the
northeast of the Chester Dome, one in the southeast of the Athens Dome, and one in the
southwest of the Athens Dome, show the locations of the samples that were taken. CVGT
is the Connecticut Valley Gaspe Trough. RHB is the Rowe-Hawley Belt. GMM is the
Green Mountain Massif within the GMS which is the Green Mountain Slice. TA is the
Taconic Allochthon within CP, the Carbonate Platform.
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Figure 3. Chart showing the variety of gneiss domes (modified from Yin, 2004).
Classification of individual gneiss domes. Diagram shows how the individual gneiss
domes are first divided into either fault-related or fault-unrelated domes before being
classified further. The fault-unrelated domes are broken into either magmatic or
nonmagmatic gneiss domes. The fault-related domes are broken into domes related to
detachment, thrust, strike-slip shear, or ductile shear zones. The detachment-related dome
is divided into either broken upper-plate gneiss domes or unbroken upper-plate gneiss
domes. The thrust-related dome is divided into either thrust duplex or passive-roof fault
gneiss domes. The ductile shear zones domes are further divided into either pure-shear
gneiss domes or simple shear gneiss domes. The simple-shear dome is broken into either
unidirectional, bi-directional, or radial gneiss domes.
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Figure 4: Chart showing a variety of gneiss dome systems (modified from Yin, 2004).
This is a classification of gneiss-dome systems. This shows how the gneiss-dome systems
are first divided into either linear-array domes or nonlinear-array domes. The linear-array
domes are further broken into either evenly spaced or unevenly spaced gneiss-dome
systems. The nonlinear-array domes are also broken into either unevenly spaced or
evenly spaced gneiss-dome systems. The evenly spaced gneiss-dome systems of the
nonlinear-array domes are further divided into either orthogonally evenly spaced or
nonorthogonally evenly spaced gneiss-dome systems.

43

Figure 5: Diagram depicting the northward extrusion of the Mesoproterozoic to
Ordovician core gneisses and the westward transport of Silurian and Devonian
sedimentary units as nappes and thrust sheets (modified from Karabinos et. al., 2010).
This diagrams explains the attenuation of the units around the Chester and Athens
Domes.

Figure 6: Diagram depicting dome formation due to anticlines and climbing folds from
compression (modified from Burg, 2004). Bell et al. (2005) determined that the Chester
and Athens Domes formed as upright anticlines during orogenesis driven by
compressional forces.
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Figure 7: Above is a chart comparing the potassium-argon geochronology method with
the 40Ar/39Ar method. 40K is a radioactive isotope and will decay into both 40Ca and 40Ar.
40
Ar is a noble gas that can diffuse out of a crystal structure if it is subjected to high
enough temperatures of heat or it is deformed. In the K-Ar method, assumptions are made
which include that it is a closed system, the samples are homogeneous, and the initial
trapped 40Ar/36Ar is atmospheric value (Dickin, 2005).
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Figure 8: A-D: These charts show the different ways age gradients can be interpreted for
40
Ar/39Ar geochronology. A) Depicts the concentrations of 40Ar versus 39Ar when going
from the rim of a crystal, to the center of a crystal, back to the rim of a crystal that has not
lost argon. B) Compares the concentrations of 40Ar and 39Ar when going from the rim of
a crystal, to the center of a crystal, back to the rim of a crystal in one that has lost argon.
Argon loss can occur from argon diffusing out of the edges of the mineral or from a crack
through the mineral when the crack formed due to deformation. This shows the rims
having lower concentrations of 40Ar whereas the center has the most. C) Depicts the
percentage of 39Ar released compared to the 40Ar/39Ar age that was determined. For this
example, a step-heating method was used and an age is given for each step. D) Depicts a
step-heating method for a mineral that lost argon. This compares the percentage of 39Ar
released with the 40Ar/39Ar age. The lower ages are the younger parts of the mineral that
lost argon due to thermally activated volume diffusion or from deformation. The higher
ages plateau and record the age the mineral most likely cooled at. E and F are two
examples of minerals that record multiple ages. E) Has argon loss occurring due to
thermally activated volume diffusion. As the mineral heats up, the rim of the mineral
records a younger age whereas the core of the mineral is protected and records the
original age before metamorphism. F) Has argon loss due to a deformation-related event.
The mineral deformed due to a crack running through it. The argon was able to escape
through the crack when it formed due to deformation, making the age around the crack
younger than the rest of the mineral. The step heating method is important because it
shows if a mineral has lost argon at some point rather than giving a total age that mixes
the younger age with the older age.
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Figure 9: Diagram depicting the 40Ar/39Ar and K-Ar age data from western New
England (modified from Sutter et. al., 1985). This diagram, extending from the
Long Island Sound through Vermont, includes data from multiple studies along
with the 40Ar/39Ar data from Chester and Athen’s domes obtained from this
study.
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Figure 10: Map depicting the Taconic Allochthon, the Green Mountain Massif, the
Rowe-Hawley Belt, the Chester and Athens Dome, the Connecticut Valley Gaspe
Trough, and the Bronson Hill Anticlinorium. This is modified from the 2011 Bedrock
Geologic Map of Vermont (Ratcliffe et. al., 2011). The Green Mountain Massif is located
in Vermont in between the Taconic Allochthon on the west side and the Rowe-Hawley
Belt on the east side. The Rowe-Hawley Belt contains the Chester and Athens Dome. It is
located in between the Green Mountain Massif on the west and the Connecticut Valley
Gaspe Trough on the east. The Connecticut Valley Gaspe Trough is located on the
eastern side of Vermont along the Vermont-New Hampshire border. It is in between the
Rowe-Hawley belt on the west in Vermont and the Bronson Hill Anticlinorium in New
Hampshire. The Westminster West Fault Zone is located within this trough. The Bronson
Hill Anticlinorium is the last location located in New Hampshire on the east side of the
Westminster West Fault Zone and the Connecticut Valley Gaspe Trough.
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Chapter 2: Article for Submission
Abstract
The Chester and Athens Domes are a composite mantled gneiss dome in
southeast Vermont. While debate persists regarding the mechanisms of dome
formation, most workers consider the domes to have formed during the Acadian
Orogeny. This study integrates the results of 40Ar/39Ar step-heating of single mineral
grains, or small multigrain aliquots, with data from microstructural analyses from
samples collected in multiple transects across the dome-bounding shear zone(s) in order
to understand the relationship between metamorphism and deformation. Results from
the sheared units along the north and south transects are presented from west to east.
In the north, hornblende from the Barnard Gneiss yielded a weighted mean age of 406
Ma from a plateau-like segment and biotite yielded a weighted mean age of 344 Ma.
The hornblende is interpreted to constrain an earlier phase of deformation and the
formation of the dominant foliation whereas biotite constrains the timing of the later
deformation event. Muscovite from a second sample of the Barnard Gneiss yielded a
weighted mean age of 388 Ma for a plateau-like segment and biotite yielded a plateau
age of 334 Ma. The muscovite constrains the timing of deformation whereas the biotite
likely constrains the timing of the later phase of deformation. One analysis of biotite
from the Devonian Waits River Formation yielded a plateau age of 403 Ma, and
muscovite yielded a plateau age of 362 Ma, consistent with microstructural evidence of
muscovite growing at the expense of biotite. The white mica is interpreted to represent
the deformation age of the sample whereas the biotite may relate to the early stages of
metamorphism. In this transect, the deformation ages inferred for the samples include
388 Ma in association with upper greenschist to lower amphibolite-facies
metamorphism and 362 Ma in association with greenschist-facies metamorphism. In the
south, muscovite from the basement cover contact yielded a weighted mean age of 365
Ma. Biotite from this sample yielded a weighted mean age of 358 Ma. The white mica is
interpreted to constrain the timing of deformation, whereas the biotite reflects a
cooling age. A hornblende analysis from the Missisquoi Formation yielded a weighted
mean age of 392 Ma. The spectrum contained younger steps showing resetting around
356 Ma, which may provide an estimate for the timing of deformation for this sample.
Muscovite from another sample of the Missisquoi Formation yielded a weighted mean
age of 365 Ma and biotite yielded a weighted mean age of 406 Ma. This sample showed
two foliations in thin section. The white mica was interpreted to be the age of a younger
deformation event and the formation of the dominant foliation whereas the biotite age
constrains an earlier phase of metamorphism. Along this southern transect, two
foliations were observed in thin section; an older S1 is preserved in the microlithons of a
younger, more dominant S2 foliation. The dominant age signals in the integrated data
from both transects are c. 406 Ma, 388 Ma, 365 Ma, and 344 Ma. While all samples
within the attenuated mantling units appeared to exhibit a single dominant foliation in
the field (S2), the local preservation a crenulated S1 foliation within S2 microlithons
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implies that S1 was overprinted and largely transposed by the development of S2 during
the Acadian Orogeny. The multiple age signals coupled with more subtle metamorphic
textures and microstructures within S2 cleavage domains suggest that S2 may be a
composite foliation and that the shear zone may have been reactivated multiple times
during the Acadian Orogeny.
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1 Introduction
My research aims to determine the timing of deformation in a mylonitic zone
surrounding the Chester and Athens Domes located in southern Vermont (Figures 1 and
2). These domes are cored by Middle Proterozoic Grenvillian basement and are separated
from the metamorphic Silurian to Devonian-aged rocks of the Connecticut Valley Trough
by mylonitic shear zones (Karabinos, 1999; Doll et al., 1961). The faults surrounding the
domes were once interpreted to be Taconic thrust faults (Ratcliffe et. al., 1997). More
recent studies of the zone of attenuated rock units surrounding the dome suggest the
faults are instead ductile low-angle normal faults (Karabinos, 1999, 2002; Karabinos et
al., 2010) that formed during the Acadian orogeny (Vance and Holland, 1993).
Previous work involving 40Ar/39Ar and K-Ar geochronology has been conducted
throughout New England in an effort to determine and understand the timing of
deformation. However, despite all of the geochronological data in the region, there are
very limited data that exist for the Chester and Athens Domes, particularly with a focus
on the bounding shear zone. Work completed by McWilliams (2008) has suggested the
domes experienced a polyphase tectonic history rather than experiencing solely Acadian
deformation. For example, deformation may have involved two folding stages including
recumbent folds developing due to a nappe stage which involved shortening, followed by
a doming phase (Hepburn et. al., 1984). In contrast, Karabinos (2002) suggested evidence
for an extensional shear zone around the domes. It was later suggested that extension
occurred along the shear zone in between the nappe stage and the doming stage
(Karabinos et al., 2010).
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Constraining the timing of the deformation within the shear zone is the
overarching goal of this study. Two transects through the shear zone were sample—one
the northeastern margin of the Chester Dome and one along the southern Athens Dome. I
will be constraining the deformation history by integrating 40Ar/39Ar geochronology and
microstructural analyses with previous metamorphic and structural studies. Determining
the relationship between metamorphism and deformation is essential to interpret the
argon age of the sample (e.g. the timing of cooling versus (re)crystallization). This is
completed by assessing the metamorphic assemblages and comparing them to the
temperatures of deformation inferred from the microstructure, determining the timing of
mineral growth versus deformation, and determining if there is evidence for static
recrystallization. The microstructural analysis, weighted mean ages and plateau ages, and
the age gradients of the samples showed evidence for multiple phases of deformation
within the shear zone.

2 Geologic Background
2.1 Gneiss Domes
The Chester and Athens Domes are considered to be a gneiss dome. A mantled
gneiss dome can be defined as a dome containing a metamorphic or plutonic core that is
overlain by metasedimentary or metavolcanic strata (Eskola, 1949). Modern definitions
of a gneiss dome include domes that have lost their metasedimentary cover sequence due
to erosion, but are still cored by gneissic rock. These gneiss domes can be divided further
based on their formation and the gneiss dome systems. Yin (2004) proposed classification
schemes for gneiss domes emphasizing the relationship between the domes and faults, as
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well as magmatism, whether the domes formed linear or nonlinear-arrays, and whether
evenly spaced and unevenly spaced (Yin, 2004). One of the specific types of gneiss
domes previously studied are metamorphic core complexes. These were originally
defined as medium to high-grade metamorphic rocks that form dome-shaped complexes
which are overlain by low-grade or unmetamorphosed sedimentary sequences (Platt et
al., 2014). These are products of normal-fault displacement that exhumed rocks from
below the brittle-ductile transition, and they reflect a distinctive mode of extensional
tectonics (Platt et al., 2014).
The Chester and Athens Domes are considered to be gneiss domes, but there is a
discrepancy among scientists regarding the specific type of gneiss dome and how it
formed. Original interpretation of the formation of the Chester and Athens Domes
indicated the domes formed due to nappe development (Thompson, 1954). New mapping
of the core of the domes revealed that the Acadian deformation involved multiple, noncoaxial shortening in deformational events (Ratcliffe et al., 1997). According to Ratcliffe
et al (1997), mapping in the cores of these domes and structures in the Silurian and
Devonian rocks of the Mount Holly complex does not support the nappe-stage Acadian
folding event and therefore this hypothesis can be dismissed.
A different hypothesis was proposed by Karabinos (2003) arguing that the
collision between Laurentia and Avalon caused shortening of the basin deposits, which
was expressed as large-scale west-verging nappes. Evidence for shear zones were found
in the cores and metasediments of the domes that led to the interpretation that the domes
formed due to the shortening of nappes and extensional shear zones (Karabinos, 2003).
The presence of nappes indicates a thrust sheet, and the evidence of a shear zone
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indicates that these domes are thrust fault-related and therefore can be classified as either
thrust duplex domes or passive-roof fault domes.
In 2005, Bell and others published a paper aiming to determine how the Chester
and Athens Domes formed by examining the structural development of these domes
using porphyroblast microstructure. It was concluded that a large-scale fold history
involved multiple successive events along with the opening and tightening of the folds,
and that there is no evidence for nappe development since the dome has not been
overturned and the folds west of the domes formed with upright axial planes (Bell et al.,
2005). This work supports the interpretation that the gneiss domes were not related to
faulting, but instead is related to coaxial horizontal shortening.
Other data on the Chester and Athens Domes are consistent with a ductile lowangle normal fault, which accommodated gravitational collapse during emplacement of
nappes (Karabinos et al., 2010). These authors detail evidence that the Taconic thrust
faults surrounding the domes are actually ductile, normal-sense shear zones that correlate
with attenuated units in highly strained mylonitic rocks surrounding the domes (Figure
3). The units surrounding the Chester and Athens Domes are thinner in the north and on
the east side of the Green Mountain massif (Doll et al., 1961). It was suggested that the
displacement within the shear zone occurred parallel to the orogeny and that it was
caused by upward extrusion of the gneisses into ductile rocks during the east-west
shortening (Karabinos et al., 2010). However, discrepancies regarding the formation of
the gneiss domes in New England still persist. What is agreed upon is the Chester and
Athens Domes are in fact gneiss domes.
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2.2 New England Tectonic History and Constraints from
Geochronology
The New England regional geology records an intricate history, for which the
geologic formations found in this region give us an insight. Areas of special relevance to
this study include, from west to east in Vermont, the Green Mountain Massif, the RoweHawley Belt, the Connecticut Valley-Gaspe trough, and lastly the Bronson Hill
Anticlinorium residing in the western section of New Hampshire (Figure 4). In
northeastern North America, the earliest history relates to the Grenville Orogeny, which
resulted from collision between Laurentia and Amazonia during the Mesoproterozoic Era
and lasted for approximately more than 100 million years (Hynes and Rivers, 2010). In
New England, U-Pb zircon studies were conducted of metamorphosed igneous rocks that
were sampled from the Adirondack Mountains (McLelland et. al., 1988). These zircons
yielded ages ranging from 1420-990 Ma, which suggest a sequence of events occurred
prior to the deformation that was caused from the Grenville Orogeny (McLelland et. al.,
1988).
The next major event involved continental rifting and the opening of the Iapetus
Ocean. In western Vermont, characteristics of greenstones from within the Green
Mountain slice suggest that they formed during late Precambrian rifting of the continent
from Rodinia which led to the opening of the Iapetus Ocean (Coish et al., 1985).
Metamorphosed mafic rocks from the Stowe Formation from the Rowe-Hawley belt were
determined to have formed during the late rifting stages of Rodinia (Coish et al., 2011).
These greenstones and amphibolites indicate that the protoliths for these rocks were

66

deposited on the Laurentian continental margin prior to the drifting stage of the Iapetus
Ocean (Coish et al., 2011).
The subsequent closure of the Iapetus Ocean was a multistage process, which
includes the Taconic and Salinic Orogenies in the northern Appalachian Mountains
(Macdonald et al., 2014). This closure occurred during collision and accretion of arcs and
terranes with the Laurentian margin (Stanley and Ratcliffe, 1985; Pinet and Tremblay,
1995). It was determined that the Taconic Orogeny resulted from the collision between
the Laurentian margin and the Shelburne Falls arc approximately 475 to 470 Ma
(Karabinos et al., 1998). Recent U-Pb zircon geochronology found that the Shelburne
Falls arc was constructed on a Gondwanan-derived terrane in the Moretown Formation
(Macdonald et al., 2014). These authors proposed that the Rowe belt was subducted
under the Moretown terrane prior to 475 Ma, and that the Moretown Formation is of
Cambrian age. Thus, a Cambrian rifted-arc system of Gondwanan margin formed
multiple terranes that crossed the Iapetus Ocean and collided with peri-Laurentian
fragments approximately 475 Ma, closing the Iapetus (Macdonald et al., 2014). This
orogeny ended with the formation of a newly developed west-dipping subduction zone
east of the Bronson Hill arc (Karabinos et al., 1998).
The Salinic Orogeny began after accretion of the edge of Ganderia occurred (van
Staal 1994). Amphiboles from southern Quebec record 40Ar/39Ar plateau and apparent
low-temperature step ages ranging from 429 to 424 Ma and biotite plateau ages of 420 to
411 Ma; together these data are interpreted to reflect the timing of the Salinic Orogeny
(Tremblay and Pinet, 2016). Muscovite plateau ages from 433 to 405 Ma formed during
deformation and metamorphism of this orogeny (Castonguay et al., 2007).
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The Acadian Orogeny began in the Late Silurian and continued into the Middle
Devonian. It has been thought to be due to the closure of the Acadian seaway that was
located between the composite Laurentia and Avalonia (Bradley et al., 2000; van Staal
and Barr, 2012). In the early stages of Acadian Deformation, the metasediments from the
Connecticut Valley Gaspe Trough were transported westward as large-scale nappes
(Karabinos et al., 2010). Acadian metamorphism in New England in the east is different
from metamorphism in the west, and the Eastern metamorphism was proposed to be due
to Taconian back-arc lithospheric modification (Armstrong et al., 1992). The Eastern
Acadian metamorphic belt contains the Bronson Hill Belt and the Central Maine Terrane
in central New England (Armstrong et al., 1992). Thickening in Western Acadian
predates metamorphic conditions at 395-385 Ma (Armstrong et al., 1992). The Western
Acadian metamorphic belt contains western Connecticut and Massachusetts, and the
eastern half of Vermont (Armstrong et al., 1992). This Western Acadian deformation
ended approximately 370-375 Ma, due to a constraint by pegmatite and granitoid ages
(Armstrong et al., 1992). 40Ar/39Ar geochronology completed on hornblende yielded ages
interpreted to indicate that the Acadian metamorphism was waning approximately 380
Ma near the Chester Dome (Laird et al., 1984; Spear and Harrison, 1989). Laird and
others (1984) determined through 40Ar/39Ar data for biotite, muscovite, actinolite,
hornblende and glaucophane that Acadian metamorphism occurred from approximately
386 Ma to 355 Ma in northern Vermont.

2.2.1 Green Mountain Massif
The Green Mountain Massif is located in the south-central section of Vermont in
between the Taconic Allochthon to the west and the Rowe-Hawley Belt on the east. The
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following summarized from Sutter et al. (1985) describes samples dated from the Green
Mountain Massif. Biotite and hornblende minerals were sampled from the Precambrian
basement gneisses of the Green Mountain Massif for 40Ar/39Ar age dating. These ages
were integrated with available K-Ar and 40Ar/39Ar data from the area in an attempt to
determine the age of deformation that occurred. It was concluded that the eastern margin
of the Green Mountain Massif recorded a Grenvillian cooling age. Hornblendes in the
massif also recorded a Taconian age metamorphic overprint in these western areas. On
the eastern side of the Green Mountain Massif, Acadian metamorphic overprinting can be
found (Figure 5). This interpretation indicates that the Taconic Orogeny affected the
Green Mountain Massif, both in the east and west overprinting the minerals that were
affected by the Grenville Orogeny, whereas the Acadian Orogeny only affected the
eastern half of the massif (Sutter et. al., 1985). There are three regional phases that the
evolution of northern Vermont can be separated into, which includes the early event
encompassing events related to Taconian Orogeny, the middle event including SilurianEarly Devonian fabrics, and the late phase overprint associated with the final
development of the Green Mountain Anticlinoria (Castonguay et. al., 2011).

2.2.2 Rowe-Hawley Belt
The Rowe-Hawley Belt is located to the east of the Green Mountain Massif and to
the west of the Connecticut Valley Gaspe Trough. The Chester and Athens Dome can be
found in this belt. The Rowe-Hawley Belt contains the Missisquoi Formation, the Hoosac
Formation, the Pinney Hollow Formation, the Ottauquechee Formation and the Stowe
Formation. These formations have all experienced metamorphism. The cores of the
Chester and Athens Dome are composed of the Hoosac Formation, the Tyson Formation,
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the Cavendish Formation, and the Mount Holly Complex. The Hoosac, Pinney Hollow,
Ottauquechee and Stowe Formations are Ordovician to Cambrian whereas the Missisquoi
Formation is Ordovician. The units in the northern section of the Chester Dome are
extremely thinned, where the only units found are the basement rocks, the Missisquoi
Formation, and the Silurian and Devonian units, whereas there is less thinning in the units
in the southern section of the dome. (Karabinos et al., 2010).
Hornblendes from two samples taken from the Chester and Athens Dome from in
the Rowe-Hawley Belt resulted in ages of 379 ± 2 Ma and 373 ± 2 Ma, whereas
hornblendes taken from near the Pomfret and Strafford Domes were 350 Ma and 397 Ma
(Spear et. al., 1989). These Acadian cooling ages reveal Acadian thermal overprint along
these domes (Spear et. al., 1989). The Hoosac Formation contains garnet porphyroblasts
preserving truncated inclusion trails along a well-defined boundary, which indicates two
periods of garnet growth (Rosenfeld 1968). Karabinos (1984) found evidence in garnets
for a retrogression between the two stages that Rosenfeld (1968) described. Metamorphic
conditions suggest that there are different metamorphic histories for the rocks on either
side of the high-strain zone surrounding the Chester and Athens Dome (Karabinos et al.,
2010). It was found that the core rocks of the dome contain peak metamorphic conditions
ranging from ~500 to 650oC and 8 to 11 kbar (Vance and Holland, 1993; Kohn and
Valley, 1994). Pressure–temperature paths were estimated for garnet-bearing schists, and
the results suggest the high-strain zone was active during synmetamorphic normal-sense
shear (Karabinos et al., 2010). The high-strain zone separated the structurally higher
rocks from the lower rocks, where the higher rocks were transported to the west as
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nappes and the deeper rocks were forced northward under the nappes (Karabinos et al.,
2010).

2.2.3 Connecticut Valley Gaspe Trough
The Connecticut Valley Gaspe trough consists of Silurian rocks containing shelf
and trough sediments that were deposited from Laurentia and the early Devonian rocks
being flysch from Avalonia, along with volcanic rocks (Keppie et al., 1994). The trough
is an elongate post-Taconian basin developed during subsidence in the Silurian and early
Devonian (Bradley, 1983). These Silurian and early Devonian rocks rest unconformably
or in a fault contact with older rocks (Tremblay et. al., 2000). This basin was suggested to
be the result of crustal extension triggered by delamination and/or subduction retreat
along with synorogenic collapse (Tremblay et. al., 2000). This trough is located to the
east of the Rowe-Hawley zone and the west of the Bronson Hill Anticlinorium.
The sediments making up the Connecticut Valley trough were deposited before
the Laurentia and Avalon collision (Karabinos, 2003). When the collision occurred, there
was shortening of the deposits that is expressed as west-verging nappes (Karabinos,
2003). These nappes, or westward moving thrust sheets, became overprinted in the
Acadian orogeny when they were experiencing a doming phase in the Rowe-Hawley belt
west of the trough (Karabinos, 2003). The rocks in the Connecticut Valley, which include
the Gile Mountain Formation and the Waits River Formation, have been subjected to
amphibolite facies metamorphism during the Acadian Orogeny (Spear et. al., 1989). The
western Acadian belt has high-temperature and high-pressure conditions which are due to
crustal thickening while the eastern Acadian belt has high-temperature and low-pressure
conditions from plutonism (Armstrong et. al., 1992). The dome-stage deformation

71

characterized the end of the orogeny (Armstrong et. al., 1992). Armstrong et al., (1992)
argued for westward emplacement of nappes from the east to account for crustal
thickness from the Western Acadian belt.

2.2.4 Bronson Hill Anticlinorium
The Bronson Hill Anticlinorium is located on the eastern side of the Connecticut
Valley Gaspe trough along the Vermont-New Hampshire border and in New Hampshire.
40

Ar/39Ar geochronology on hornblendes from along the Bronson Hill Anticlinorium

revealed Acadian ages (Spear, 1989). The Bronson Hill arc formed above the subduction
zone east of the Shelburne Falls arc, and may have been a part of the end of the Taconic
orogeny (Karabinos et al., 1998). Detrital zircon analysis suggest that the western
boundary of the Moretown terrane is the Rowe Schist-Moretown Formation contact while
the eastern boundary is in the Bronson Hill arc (Karabinos et al., 2017). The Moretown
terrane collided with the Shelburne Falls arc approximately 475 Ma (Karabinos et al.,
2017). Magmatic arc rocks in the Bronson Hill arc formed along the eastern edge of the
Moretown terrane (Karabinos et al., 2017). The Eastern Acadian metamorphic belt
comprises the Bronson Hill belt and the Central Maine Terrane (Armstrong et. al., 1992).
White micas were analyzed on either side of the Westminster West Fault Zone, and
results suggests that the Bronson Hill Anticlinorium experienced Alleghanian
deformation (McWilliams et al., 2013). 40Ar/39Ar geochronologic studies were also
utilized in the Bronson Hill Anticlinorium. This determined that the area experienced
deformation from the Acadian Orogeny and from the Alleghanian Orogeny.

3. Methods
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3.1 Sample Collection
Twelve samples were collected during the fall of 2018 from the shear zones
bounding the Chester and Athens Domes for microstructural analysis, x-ray diffraction,
and 40Ar/39Ar age dating. These samples were divided between two transects, the first in
the northern section of the Chester Dome, whereas the second was in the southern section
of the Athens Dome (Figure 2, Table 1). These transects were chosen based on the ability
to collect oriented samples through the shear zone from its base in the Precambrian core
through the attenuated mantling units (Karabinos 2002; Karabinos et al. 2010). Five
samples were collected along the Gulf Road Transect in the northern section of the
Chester Dome (Figure 6). Three samples were collected near the Townshend Dam
(Figure 7) and four were collected along Ellen Ware Road in the southern section of the
Athens Dome (Figure 8).

3.2 X-Ray Diffraction
The samples were crushed and prepared for X-ray analysis. Twelve samples were
analyzed using a Rigaku MiniflexII x-ray diffractometer (XRD). Small representative
chunks of each of the samples were analyzed for the mineralogy of each rock and to
obtain modal percentages. The sample material was crushed in a ball mill in order to
produce a powder that was fine enough for the 0.2 mm well-mount used in the XRD. The
samples were run from 5o to 55o at 2o per minute except for sample 18CD08A, which was
the first sample run at 1o per minute in order to determine the speed needed for each of
the remaining samples. Each sample was also subjected to the RIR method, which is the
Reference Intensity Ratio that is used to perform quantitative analysis (McCusker et al.,
1999). This is completed in order to determine the percentage of each of the minerals in
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the composition (Table 2; Appendix 3). Before a sample is analyzed using the RIR
method, it is important that the sample is fine enough, and the appropriate time and
angles are determined for the analysis in order to obtain the proper peaks (McCusker et
al., 1999).

3.3 Thin Sections
Oriented, orthogonal thin sections were prepared for each of the samples in order
to perform petrographic and microstructural analyses and to decide which minerals were
appropriate to date from each transect. When a stretching lineation was observed, an ‘XZ’ thin section billet was cut parallel to the stretching lineation (X) and normal to the
foliation (Z). The associated ‘Y-Z’ thin section billet was cut perpendicular to the ‘X-Z’
thin section (i.e., perpendicular to the foliation and lineation). When no lineation was
observed, billets were cut perpendicular to the foliation, with one section parallel to strike
and the other parallel to the down-dip direction.

3.4 40Ar/39Ar Dating
Following the petrographic analyses, potassium-bearing minerals were targeted
for 40Ar/39Ar dating in order to constrain the timing of metamorphism and deformation.
This was performed at the University of Vermont Geochronology Laboratory. Minerals
targeted for dating included inclusion-free hornblende, biotite, and muscovite. The
samples were crushed, sieved, and cleaned to remove any dust, and dried overnight.
Minerals were picked from the 125-500 µm fractions of the crushed sample. Samples
were selected from the shear zone, within the basement gneiss in the middle of the dome,
and outside of the dome in the Connecticut Valley Gaspe Trough. Mineral grains were
loaded into aluminum foil packets and placed in a canister for irradiation. They were
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irradiated for 18 hours in the Oregon State University Radiation Center CLOCIT facility
along with Fish Canyon Tuff sanidine, which acted as the fast neutron fluence monitor
(28.201 ± 0.046; Kuiper et al., 2008).
For the 40Ar/39Ar dating, laser step heating was conducted. The hornblende and
biotite samples were loaded into 1.5 mm wells in a copper planchet in order to be
analyzed. For the muscovite samples, a piece of niobium foil was placed at the bottom of
the wells, and the muscovite minerals were placed on top of the foil in the wells of the
copper planchet in order to be analyzed. The niobium foil ensured that the muscovite
grains would be heated evenly by the diode laser.
The argon isotopes were analyzed on a Nu Instruments Noblesse magnetic sector
noble gas mass spectrometer. Each sample was run utilizing the step heating method. The
data was corrected for the background levels recorded in the blanks, the mass
discrimination, the interfering reactions, and the decay of 37Ar and 39Ar. The J factor was
calculated by measuring the sanidine standard. The flux monitors need to be interspersed
amongst the samples since the neutron flux in a reactor is not a constant value. Therefore,
the J values need to be interpolated for the samples based on the readings of the two flux
monitors on either side of the sample. The mass discrimination was calculated by
analyzing aliquots of atmospheric argon. The 40Ar/36Ar was measured at 299.2. The
assumed atmospheric value is 298.56 (Lee et al., 2006).
The weighted mean ages are reported along with plateau ages if the plateaus
contain more than 50% of the gas released in continuous, concordant steps. The errors on
the plateaus and weighted mean ages are reported here at the 1σ level except for samples
18CD08E biotite #1, 18CD10B hornblendes, and 18CD10C biotite and white mica.
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4. Results
Observations obtained during fieldwork and petrography are reported for each
sample along with 40Ar/39Ar data, if obtained (Table 3). The microstructural analysis
facilitates determining the temperatures of deformation, shear sense, and the types and
numbers of foliations in each of the samples (Passchier and Trouw, 2005). Petrographic
analysis also provides evidence to which minerals would be appropriate for dating and
which would not be based on observations related to inclusions, alteration. The types and
numbers of foliations for samples were interpreted since they provided information of the
phases of deformation the sample endured. The mineral assemblages of each of the
samples also indicate what metamorphic facies the sample formed under, which has
indications for the P-T conditions (Table 4). Together, these observation provide context
on the relative timing of metamorphism and deformation, facilitating interpretation of the
40

Ar/39Ar data. Sample locations can be found on Figures 6, 7 and 8, lineations and

foliations in Table 1, and sample descriptions in Tables 1. The modal mineralogy for all
of the samples can be found in Table 2 and Appendix 3, the microstructure images in
Figure 9, and the 40Ar/39Ar geochronology results can be found in Table 3, Figures 10
and 11, and Appendix 1.

4.1 Sample 18CD08A
Sample 18CD08A is from the Bull Hill Gneiss (Figure 6). It is a mylonitic felsic
gneiss containing coarse feldspar augen. Rocks from the Bull Hill Gneiss are Middle
Proterozoic and these rocks outline the Chester and Athens Dome (Karabinos 2002).
Both a lineation and a foliation were measured for this sample in the field (Table 1). This
sample was not dated.
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4.1.1 Microstructure
Thin section 18CD08AX was cut parallel to the lineation, and 08AY was cut
perpendicular to the X-Z thin section. The sample contains quartz, muscovite, biotite,
feldspar and epidote. The quartz grains show undulose extinction, and the larger grains
have undergone grain boundary migration. Bulging recrystallization microstructures
appear to postdate the grain boundary migration. The feldspar grains contain deformation
twins, display undulose extinction, and the larger grains contain inclusions. The foliation
of this sample can be defined by compositional layering between the quartz and feldspar
grains and the mica. The micas define cleavage domains with planar preferred orientation
while the quartz and feldspar in the microlithons do not show any grain shape fabrics.
This spaced foliation is also defined by anastomosing mica-rich cleavage domains and
quartz and feldspar rich microlithons. There are large, polycrystalline boudinage of the
felsic microlithons with associated with muscovite tails.
4.1.2 18CD08A Interpretations
This sample was taken from within the shear zone surrounding the domes. The
combination of grain boundary migration in the quartz with the twinning and undulose
extinction in the feldspars indicate a deformation temperature of approximately 500oC.
The mineral assemblage of this sample suggests it experienced upper greenschist facies
metamorphism to lower amphibolite facies metamorphism. The thin section shows
evidence for one generation of foliation.

4.2 Sample 18CD08B
Sample 18CD08B location was approximately 20 meters to the east of sample
08A (Figure 6). This sample is more mafic, contains coarse grains, and has amphibole.
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The initial mineralogical analysis of this sample suggests that this is part of the Barnard
Gneiss. The Barnard gneiss is a member of the Missisquoi Formation. This complex and
the Bull Hill Gneiss form a contact with the Hoosac Formation, and the Chester and
Athens Dome is outlined by this contact (Karabinos, 2002).
4.2.1 Microstructure
The 18CD08BX thin section was cut parallel to the lineation, and the 08BY thin
section was cut perpendicular to the X-Z thin section. The sample showed a range of
grain sizes varying from coarse to fine. Quartz, biotite, feldspar and amphibole are
present in this sample. The quartz grains record evidence for grain boundary migration,
similar to sample 18CD08A. The foliation is defined by compositional layering between
the amphibole and quartz rich domains. The inclusion-free smaller amphiboles have a
planar preferred orientation whereas the quartz grains do not. There is also grain size
variation between the larger quartz gains and the smaller amphibole grains. The thin
section also showed inclusion-rich amphibole porphyroclasts with quartz strain shadows
(Figure 9A). This strain suggests top to the left shear in the thin section since the quartz
strain shadows show stair stepping with the higher wing to the left in the direction of the
X axis, which translates to the outcrop frame of reference as top moving to the east. This
was interpreted as evidence for a normal shear sense that is slightly dextral oblique. Two
generations of biotite are present in thin section, one of which contains some muscovite
intergrowths. This older biotite was reset by later deformation.
4.2.2 40Ar/39Ar Dating
Coarse grained (500 µm) and inclusion free biotite and hornblende were targeted
during mineral separation (Figure 10A). The biotite from this sample yielded a minimum
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age of approximately 307 Ma and a weighted mean age of 344.4 ± 2.3 Ma for a forced
plateau. This forced plateau increases in age from the first to third step. The overall shape
of the biotite spectrum suggests partial resetting, which is consistent with the inverse
isochron data. The isochron that was plotted for this sample (Appendix 2) resulted in a
regression with a meaningless positive slope, and the data display a large amount of
spread along the X-axis. This spread of data indicates that there are domains containing
different ages. The hornblende yielded an age gradient with a minimum age of
approximately 286 Ma and a weighted mean age of 406.2 ± 2.2 Ma from a plateau-like
segment. This isochron plot showed spread of data along the X-axis, indicating domains
with different ages. The low-temperature steps in the apparent age spectrum show a
strong age gradient, with younger steps similar in age to the minimum biotite age and the
weighted mean biotite age.
4.2.3 18CD08B Interpretations
This sample was taken from within the shear zones surrounding the domes. The
mineralogical composition suggests that it experienced amphibolite facies metamorphism
at least once, possibly twice due to the presence of both inclusion-free hornblende and the
inclusion-rich amphibole porphyroclasts. The grain boundary migration in the quartz
indicates a deformation temperature of approximately 500oC. This sample showed
evidence for one foliation. This is labeled S2 in the photomicrograph rather than S1
because S1 is an older foliation that has been overprinted by S2. In this sample, S1 has
become completely overprinted, leaving no remaining evidence for it. There is evidence
for S1 foliation in later samples.
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The 40Ar/39Ar results for the biotite and hornblende samples were compared with
the microstructural analysis. The closure temperature of hornblende ranges from
approximately 500-600oC and the temperature of deformation when the shear zone was
active was at least 500oC. This indicates that the hornblende weighted mean age likely
constrains the timing of high-T shearing of the sample at amphibolite to upper
greenschist-facies conditions. Biotite has a closure temperature of approximately 300400oC. The biotite analysis resulted in a complex spectrum suggestive of resetting. The
microstructural analysis suggests there may be two generations of biotite, in which
possibly older biotite was reset by later deformation. The age gradient recorded by the
amphibole is also consistent with one or more possible resetting events.

4.3 Sample 18CD08C
The third sample collected along the Gulf Road transect is also from the Barnard
Gneiss member of the Missisquoi Formation and was located approximately 30 meters
east of sample 18CD08B (Figure 6). This sample is also mylonitic, but is more felsic than
sample 18CD08B. No argon data were collected from this sample.
4.3.1 Microstructure
Sample 18CD08CX thin section was cut parallel to the lineation and the 08CY
thin section was cut perpendicular to the X-Z thin section. The sample contains quartz,
feldspar, muscovite, epidote and biotite. There is a range of grain sizes present. The
quartz grains display undulose extinction and feldspars display deformation twins. There
are polycrystalline quartz porphyroclasts surrounded by mica that show top to the left
shearing in thin section, which corresponds to a reverse shear sense with the top moving
to the southeast in the outcrop frame of reference. Feldspar cores with recrystallized
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mantles are also found in this sample. There is some compositional layering between the
mica rich domains and quartz rich domains to define a foliation, and the micas contain a
planar preferred orientation.
4.3.2 18CD08C Interpretations
Sample 08C was taken from within the shear zone surrounding the domes. The
mineral assemblage of this sample indicates that it experienced upper greenschist facies
metamorphism to lower amphibolite facies metamorphism. The microstructures recorded
in this sample also resembles deformation at c. 500oC. There was evidence for one
foliation in this sample.

4.4 Sample 18CD08D
Sample 18CD08D is from the Barnard Gneiss member of the Missisquoi
Formation (Figure 6). It comes from approximately the same location, adjacent to sample
18CD08E and represents a more mafic layer within interlayered mafic and felsic
deformed gneiss.
4.4.1 Microstructure
Thin section 18CD08DX thin section was cut parallel to the down dip direction
because no lineation was apparent. The sample contains quartz, biotite, muscovite,
feldspar and garnet. The quartz grains range from coarse grained to fine grained, as do
the mica grains. The quartz textures record evidence for grain boundary migration. In
some places, the quartz also looks to have undergone subgrain rotation as an overprint.
The quartz also shows undulose extinction. The feldspar grains show evidence of
twinning and undulose extinction. The foliation is defined by compositional layering
between mica rich cleavage domains and quartz rich microlithons. There is a planar
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preferred orientation defined by the micas. There is an abundance of muscovite mica fish
that may define the shear sense of this sample (Figure 9B), however because no lineation
was observed, this may only be an apparent shear sense. In thin section, the fish show
asymmetry consistent with dextral shear and are classified as group 2 mica fish
(Passchier and Trouw, 2005, and references therein). Group 2 fish form from back
rotation during shearing from an original position. When converted to the outcrop frame
of reference, the mica fish indicate an apparent reverse shear sense with a sinistral
oblique component. In thin section, the muscovite mica fish are locally partially replaced
by biotite.
4.4.2 40Ar/39Ar Dating
Inclusion-free white mica and biotite grains were selected for dating (Figure 10B).
The muscovite yielded a hump-shaped spectrum associated with an age gradient with a
minimum age of approximately 335 Ma and a weighted mean age of 387.8 ± 1.4 Ma for a
plateau-like segment. The biotite yielded a plateau age of 334.3 ± 1.3 Ma. This plateau
encompassed most of the steps, with only the last step not being included in it. The
isochron plots for both the muscovite sample and the biotite sample contained a spread of
data along the X-axis of the graph, indicating that there are domains with different ages.
4.4.3 18CD08D Interpretations
The microstructures preserved by the quartz and feldspar grains indicate that the
sample experienced temperatures of deformation of approximately >500oC. The presence
of subgrain rotation indicates that there is a possibility for cooling during deformation
with the temperature decreasing from 500oC to 450oC. This was taken from the shear
zone surrounding the domes. The mineralogical composition and deformation in the
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grains indicate that this sample experienced upper greenschist to lower amphibolite facies
metamorphism. There was one foliation found in this sample.
The 40Ar/39Ar results were compared with the microstructural analysis. The age of
the biotite correlates to the age of the initial step in the muscovite step-heating graph,
which is interesting given the observation that muscovite is locally replaced by biotite.
Muscovite has a closure temperature that ranges from approximately 450-550oC. Since
the temperature of deformation for this sample is approximately similar, and because the
apparent age spectrum shape suggests some degree of resetting, the muscovite weighted
mean age is interpreted to constrain a minimum age for the timing of deformation of this
sample. The biotite has a lower closure temperature of approximately 300-400oC, and
therefore its age constrains the cooling history for this sample.

4.5 Sample 18CD08E
The fifth and last sample collected along the Gulf Road is 18CD08E (Figure 6).
This sample is part of the Silurian to Devonian sequence (Karabinos 2002). The
Northfield Formation or the Waits River Formation are both part of the Silurian to
Devonian sequence along this transect (Karabinos 2002). This sample was interpreted to
be part of the Waits River Formation due to its felsic composition.
4.5.1 Microstructure
18CD08EX thin section was cut parallel to the down dip direction, whereas the
08EY thin section was cut perpendicular to the down dip (i.e., along strike). The sample
contains quartz, muscovite, and biotite. Texturally, there may be multiple generations of
biotite based on the variable degrees of alteration (e.g., sieve texture). Locally, some
biotite show evidence for recrystallization and intergrowths with muscovite. The grain
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sizes are smaller than the previous samples in this transect, and more uniform. There is
one vein containing larger quartz grains. The quartz records evidence for having
undergone grain boundary migration based on the amoeboid shaped grains. The foliation
is mainly defined by preferred orientation of platy minerals in a quartz rich matrix; the
latter includes some oblate grain shapes (Figure 9C). 18CD08EY has small quartz grains
of uniform size that are amoeboid shaped which suggests grain boundary migration. The
foliation is defined by a planar preferred orientation of platy minerals in a quartz matrix
without a preferred orientation.
4.5.2 40Ar/39Ar Dating
Biotite and white mica minerals were separated and analyzed from this sample
(Figure 10C). The muscovite yielded a minimum age of approximately 345 Ma and a
plateau age of 362.0 ± 1.9 Ma. One analysis of biotite resulted in a weighted mean
average age of 557 ± 11 Ma (not shown in Figure 10C), which is older than the
depositional age of the unit. The second biotite analysis (shown in Figure 10C) yielded an
age gradient from approximately 367-414 Ma with a plateau age of 403.0 ± 1.8 Ma.
4.5.3 18CD08E Interpretations
The mineralogy of this sample indicates that it experienced greenshist facies
metamorphism. This sample was taken from outside of the shear zone and within the
Silurian-Devonian units of the Connecticut Valley Trough. The greenschist facies
metamorphism indicates this sample experienced a lower temperature of deformation
than the rest of the samples within the northern transect. There is one generation of
foliation defined by these fabric elements.
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In the Waits River Formation, the youngest detrital zircon from a quartz-rich bed
was dated at 415 ± 2 Ma by utilizing the SHRIMP method and was interpreted to
constrain an Early Devonian depositional age (McWilliams et al, 2010). The age gradient
of the second biotite analyzed was from 367 to 414 Ma, with a plateau age of 403.0 ± 1.8
Ma. The older biotite grain that contained a plateau age of 557 Ma is considered to be a
detrital grain since it is older than the formation of the Waits River Formation. The
second biotite may record the timing of deformation associated with greenschist-facies
metamorphism. Because muscovite has a higher closure temperature than biotite, the
younger muscovite age compared to the second biotite analysis is not intuitive; however,
there is textural evidence for muscovite growing the expense of biotite, so it may record a
later deformation-related event that occurred below the closure temperature of both
minerals.

4.6 Sample 18CD09A
This is the first sample taken from a large road cut near the Townshend Dam,
which is part of the southern transect of the Chester and Athens Domes (Figure 7). This
sample was taken from a boudinaged amphibolite layer located within country gneiss
found in the outcrop. This has been assigned to the Missisquoi Formation (Karabinos et
al., 2010).
4.6.1 Microstructure
Thin section 18CD09AX was cut parallel to the down dip direction, and the 09AY
thin section was cut parallel to strike. This is an amphibolite sample containing quartz
and amphibole with minor epidote. There is a mix of small and large grains present in the
thin section. The large quartz grains are amoeboid shaped and indicate grain boundary
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migration. The amphiboles contain inclusions. There is no clear sense of shear or
foliation in this sample. Thin section 18CD09AY contains more amphibole than 09AX.
The amphibole grains in this thin section are larger, contain inclusions, and have a brittle
deformation overprint. This sample was not prepared for argon dating.
4.6.2 18CD09A Interpretations
The composition of this sample indicates amphibolite facies metamorphism. This
was taken from the Misssisquoi Formation within the shear zone surrounding the Chester
and Athens domes. The amphibolite facies metamorphism and grain boundary migration
in the quartz suggests this sample experienced deformation > 500oC.

4.7 Sample 18CD09B
Sample 18CD09B was taken from the same outcrop at Townshend Dam as
Sample 19CD09A (Figure 7), and was part of more felsic gneiss of the Missisquoi
Formation hosting the amphibolite boudins.
4.7.1 Microstructure
Sample 18CD09BX thin section was cut parallel to the down dip direction and the
09BY thin section was cut parallel to strike. The sample contains quartz, hornblende,
albite and white mica. The quartz grains are large and show evidence for grain boundary
migration, as well as a brittle deformation overprint. The quartz grains also display
undulose extinction. There are polycrystalline quartz boudins present in the quartz rich
layers. The micas and amphiboles have a preferred orientation that defines the foliation.
Foliation is also defined by compositional layering and grain size variation. Some of the
hornblende grains contain inclusions, whereas other grains do not. This likely indicates
that there are two types of hornblende in this sample. There is an amphibole present that
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is a stretched and broken microboudinage. There is no stretching apparent in the “Y-Z”
thin section, only in the “X-Z” thin section. This sample was not prepared for argon
dating.
4.7.2 19CD09B Interpretations
The mineral assemblage of this sample indicates that it experienced amphibolite
facies metamorphism. The sample was taken from within the shear zone surrounding the
domes. This amphibolite facies metamorphism and grain boundary migration in the
quartz indicates deformation within the shear zone at T > 500oC. There was only one
foliation determined in this thin section.

4.8 Sample 18CD09C
The last sample collected from the Townshend Dam, 18CD09C, was taken from
the amphibolite mafic section of the same outcrop that 09A and 09B were taken from
(Figure 7). This is still classified by Karabinos et al. (2010) as part of the Missisquoi
Formation.
4.8.1 Microstructure
The 18CD09CX thin section was cut parallel to the down dip direction and 09CY
thin section was cut parallel to strike. This sample contains quartz, albite, hornblende,
amphibole and epidote. This thin section is finer grained and more homogeneous than
thin sections 18CD09BX or 09BY. The foliation is defined by non-continuous
compositional layering and the planar preferred orientation of the minerals. Small
amounts of an older S1 foliation can be observed. This S1 is crenulated in the more
dominant S2 foliation. No argon data was collected from this sample.
4.8.2 18CD09C Interpretations
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The mineral assemblage of this sample indicates it experienced amphibolite facies
metamorphism. This was taken from within the Missisquoi Formation within the shear
zone surrounding the domes and may have experienced ~500oC temperatures of
deformation as well. There were two foliations found. The older S1 foliation was faint,
and looked to be overprinted by the second foliation defined by the compositional
layering and planar preferred orientation of the minerals. This indicates there were two
phases of deformation, and the second phase overprinted the earlier S1 that was
crenulated within S2.

4.9 Sample 18CD10A
The third stop and second part of the southern transect of the Chester and Athens
Domes was along Ellen Ware Road, which is along the basement-cover contact
(Karabinos, 2002) (Figure 8). The first sample collected, 18CD10A, is a schist containing
amphibole and mica and is inferred to be from the Missisquoi Formation within the shear
zone (Karabinos, 2002).
4.9.1 Microstructure
Thin section 18CD10AX was cut parallel to the down dip direction and 10AY
was cut parallel to strike. The sample contains muscovite, quartz, garnet, biotite and
plagioclase. The foliation in this slide is defined by the planar orientation of the platy
minerals and the layering between muscovite rich domains and quartz rich domains. An
older S1 foliation can be observed in this sample (Figure 9D). This S1 is trapped in the
microlithons that are defined by the dominant S2 foliation. This S1 is crenulated in the
more dominant S2 foliation which is anastomosing in Figure 9D. There is not as much
brittle deformation (fracturing) present in this sample compared to the samples from near
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the Townshend dam. Texturally, there appears to be two generations of biotite. The
biotite that looks to be older is coarse and oblique to the dominant foliation. This can be
interpreted as a first generation of biotite, whereas the second generation would include
the fine-grained mica.
4.9.2 40Ar/39Ar Dating
Biotite and white mica minerals were separated and analyzed from this sample
(Figure 10D). The muscovite yielded a minimum age of approximately 290 Ma and a
plateau age of 365.6 ± 2.0 Ma. An analysis of biotite resulted in an age that is older than
the muscovite age. This analysis yielded an age gradient from approximately 397-452 Ma
with a forced plateau age of 406.3 ± 2.4 Ma. The old age in initial step in this graph
suggests there may be excess argon or perhaps unrecognized inclusions in the biotite. The
graphs for these two samples do not over lap at all, where the biotite is consistently older
than the muscovite. The isochron graphs for these two samples show a spread of data
along the X-axis suggesting different age domains exists within the samples.
4.9.3 18CD10A Interpretations
This sample was taken from the Missisquoi Formation located within the shear
zone. The mineral assemblage indicates that it experienced amphibolite facies
metamorphism and similar deformation temperatures to samples 09A-C. There were two
foliations found. The older S1 was faint, and looked to be overprinted by the second
foliation defined by the compositional layering and planar preferred orientation of the
minerals. This indicates there were two phases of deformation, and the second phase
overprinted the earlier S1.
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Comparison of the 40Ar/39Ar analyses with the microstructural analyses suggests
that the older biotite age, which is counterintuitive based on the closure temperature
principal, might be explained by the possible older generation of biotite observed in the
sample. The muscovite is interpreted to constrain the timing of formation of the dominant
foliation (S2). Conversely, the older biotite age may place some constraints on a
minimum age for the formation of S1.

4.10 Sample 18CD10B
The second sample, 18CD10B, was also collected along Ellen Ware Road (Figure
8). This rock is a schist and it is part of the Missiquoi Formation (Karabinos et al., 2010).
4.10.1 Microstructure
Sample18CD10BX thin section was cut parallel to the lineation, and 10BY was
cut perpendicular to the X-Z thin section. This sample contains hornblende, quartz,
plagioclase and epidote. The quartz grains display undulose extinction and bulging. The
plagioclase contains deformation lamellae. The hornblende is inclusion free and is
defining the lineation in the shear zone and is strongly deformed (Figure 9E). Larger
hornblende grains contain inclusions. There is no shear sense present in this thin section.
4.10.2 40Ar/39Ar Dating
For this sample, only inclusion free hornblende minerals were picked during the
mineral separation process (Figure 10E). The hornblende was separated and analyzed for
this sample. Two single grain aliquots were analyzed. The first (not shown in Figure 10E)
yielded a minimum age of approximately 287 Ma and a forced plateau age of 623 ± 51
Ma, which is older than the Ordovician depositional age of the unit. The second (shown
in Figure 10E) yielded a minimum age of approximately 132 Ma and a forced plateau age
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of 392 ± 13 Ma. The isochron graphs for this sample shows a spread of data along the Xaxis suggesting different age domains exist within the sample.
4.10.3 18CD10B Interpretations
This sample was taken from within the shear zone. The mineralogical
composition indicates that it experienced amphibolite facies metamorphism. Within the
shear zone, this experienced a similar deformation temperature of deformation to the
other samples with T > 500oC, however the bulging recrystallization of quartz implies a
lower temperature overprint (~300-400°C). There was only one foliation determined.
The 40Ar/39Ar analyses were compared with the microstructural analyses. The first
aliquot age is much older than the rest of the data from both the northern and southern
transect. The second aliquot contained younger ages c. 360 Ma. This corresponds to the
other two southern transect samples which also contained ages c. 360 Ma. This 392 Ma
could be a minimum age for the high-temperature deformation.

4.11 Sample 18CD10C
This sample collected along Ellen Ware Road is from the basement-cover contact
(Karabinos 2002) (Figure 8). It is mafic and inferred to be part of the Mount Holly
complex.
4.11.1 Microstructure
The 18CD10CX thin section was cut parallel to the down dip direction and the
10CY thin section was cut parallel to strike. This sample contains quartz, feldspar,
biotite, epidote, garnet, muscovite and graphite. The quartz displays undulose extinction.
The feldspars contain deformation lamellae and undulose extinction. There is grain size
variation present, and the quartz grains are amoeboid shaped indicating grain boundary
91

migration. The foliation is defined by the planar preferred orientation of minerals and
compositional layering between graphite rich domains and feldspar rich domains (Figure
9F). No shear sense was determined.
4.11.2 40Ar/39Ar Dating
The minerals separated for 40Ar/39Ar dating from this sample were inclusion free
mica minerals (Figure 10F). Both white mica and biotite were analyzed from this sample.
The muscovite yielded a minimum age of approximately 181 Ma and a forced plateau age
of 365.7 ± 7.1 Ma. An analysis of biotite resulted in an age that is younger than the
muscovite age. This analysis yielded a minimum age of approximately 285 Ma with a
forced plateau age of 358.2 ± 4.7 Ma. The graphs for the muscovite and biotite samples
overlap each other. The isochron plots for both samples contained a spread of data along
the X-axis, indicating domains containing different ages.
4.11.3 18CD10C Interpretations
This sample was taken from within the Athens Dome from the basement gneiss.
Its mineralogy is consistent with it Grenville history of granulite facies metamorphism.
There was only one foliation for this sample.
The 40Ar/39Ar results were compared with the microstructural analysis. The age of
the biotite is very close to the age of the muscovite, with the biotite being slightly
younger. This older younger relationship could be consistent with white mica recording
the deformation age of the sample whereas the biotite records a cooling age of the
sample.

4.12 Sample 18CD10D
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This final sample taken along Ellen Ware Road from the southern transect was
unoriented in the field (Figure 8). This sample also showed no shear sense and was not
crushed for 40Ar/39Ar dating. It is mafic and determined to be from the basement gneiss
within the Athens dome.
4.12.1 Microstructure
For thin section 18CD10DX, this was cut parallel to a slight lineation found in the
lab and the 10DY thin section as cut perpendicular to the X-Z thin section. There was
quartz, feldspar, hornblende and graphite present. The mineralogy was similar to that of
sample 18CD10C although sample 10C contained biotite and 10D did not. The quartz
grains are large and have undergone grain boundary migration recrystallization. The
feldspar has deformation lamellae and undulose extinction. The foliation is defined by the
compositional layering of platy mineral rich domains and quartz rich domains, and the
planar preferred orientation of the platy minerals. A shear sense was unable to be
determined.
4.12.2 18CD10D Interpretations
This sample, like 18CD10C, has a mineralogy consistent with Grenvillian
granulite facies metamorphism. There was only one foliation for this sample.

5. Discussion
Regional studies have shown the Taconic, Salinic, and Acadian Orogenies
affected the New England area. The Taconic orogeny has been interpreted to have
occurred from the Late Cambrian through the Late Ordovician, or from approximately
500-450 Ma (Stanley and Ratcliffe, 1985). The Salinic Orogeny occurred next, from the
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Silurian through the Early Devonian from approximately 433-405 Ma due to muscovite
plateau ages (Tremblay and Pinet, 2016). The Acadian Orogeny was recorded to have an
upper constraint of approximately 384-376 Ma in the western part of the orogen and to
have occurred during the Late Lower Devonian through the Middle Devonian (Tremblay
and Pinet, 2016). It was also found that metamorphism from the Acadian Orogeny
occurred between approximately 386 and 355 Ma (Laird et al., 1984). In this study,
40

Ar/39Ar plateau ages were interpreted from six samples collected in the northern and

southern sections of the dome, and these ages suggest impacts from all three orogenies.

5.1 The Northern Transect
In the north transect around the Chester and Athens Dome, the calculated
40

Ar/39Ar plateau ages that were obtained range from 344 Ma to 406 Ma. Starting in the

west and moving eastward, the first sample from the northern transect that was dated was
sample 18CD08B. This sample is from the Barnard Gneiss of the Missisquoi Formation
(Karabinos et al., 2010). The biotite for this sample was dated at 344.4 ± 2.3 Ma and the
hornblende for this sample was dated at 406.2 ± 2.2 Ma (Figure 10A). The early steps in
the hornblende argon plot contain ages that coincide with the first step of the biotite plot.
This suggests that were was late argon loss in hornblende at the same time there was late
argon loss in the biotite, around 310 Ma. There is also an early step in the hornblende plot
that coincides with the plateau of the biotite plot at approximately 344 Ma. The biotite
plateau-like segment is interpreted to be associated with a later deformation event. This is
inferred from the microstructural analysis of the sample. The mineralogical composition
suggests that this sample likely experienced two phases of amphibolite facies
metamorphism (Figure 9A). The sample displays a single foliation in which preservation
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of evidence for grain boundary migration in quartz-rich domains suggests deformation at
a temperature of approximately 500oC or more. Two populations of biotite were
determined to be present, in which one was reset by recrystallization during later
deformation. Additionally, there was no evidence for static recrystallization via grain
boundary area reduction. Therefore, it is unlikely that the weighted mean age represents a
static cooling age, but rather the biotite data constrain the timing of the later deformation
event at temperatures close to its closure temperature c. 344 Ma.
The hornblende age constrains an earlier phase of deformation of the sample. The
closure temperature of hornblende ranges from approximately 500-600oC and the
temperature of deformation inferred from the dominant microstructures is approximately
500oC, which suggests some cooling during deformation from amphibolite to upper
greenschist facies conditions. The hornblende therefore is interpreted to constrain the
formation of the dominant foliation at c. 406 Ma. Because only one foliation was
observed, it is possible that it was exploited, or reactivated, when the biotite was reset c.
344.
The second sample from the northern transect that was dated was sample
18CD08D. This sample is from the Missisquoi Formation that surrounds the Chester and
Athens Dome. The biotite gave a plateau age of 334.3 ± 1.3 Ma and the white mica
yielded a plateau age of 387.8 ± 1.4 Ma (Figure 16B). The first step of both the biotite
and white mica overlap at 334 Ma. The white mica experienced argon loss at the same
time that the biotite was locking in its age, either by cooling or (re)crystallization. The
microstructures preserved by quartz and feldspar grains indicate the sample experienced
temperatures of deformation at approximately 500oC. The presence of subgrain rotation
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indicates this sample will show cooling during deformation, resulting in the temperature
decreasing from 500oC to 400oC. Because muscovite recrystallized during deformation at
temperatures that overlap with its closure temperature (450-500oC), the muscovite
plateau age can be interpreted as constraining the timing of deformation at mid
greenschist-facies conditions. Biotite was observed as growing at the expense of white
mica, and has a closure temperature of approximately 300-400oC. The biotite age likely
constrains the timing of this later phase of deformation. The hump-shaped white mica
spectrum with a minimum age concordant with the biotite plateau is consistent with a
later deformation event exploiting the dominant foliation that formed earlier at higher
temperature conditions.
The third sample from the northern transect that was dated was 18CD08E. This
sample is part of the Devonian sequence (Karabinos, 2002) in the Connecticut Valley
Gaspe Trough, and is interpreted to be from the Waits River Formation. One biotite
yielded an age older than the depositional age of the unit, and therefore is interpreted to
be a detrital biotite that survived metamorphism; its age is otherwise not interpreted here.
The second biotite yielded an age of 403.0 ± 1.8 Ma and the white mica yielded an age of
362.0 ± 1.9 Ma (Figure 16C). There was late argon loss in the biotite sample recorded by
the low temperature steps that correlates with the white mica plateau. Because white mica
was seen growing at the expense of biotite in the foliation of the sample, the white mica
was interpreted to represent the deformation age of this sample whereas the biotite may
relate to the early stages of metamorphism of the Waits River Formation postdating its
deposition at c. 415 Ma (McWilliams et al., 2010).
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Data for this transect were sampled from the Missisquoi Formation and the
Connecticut Valley Gaspe Trough. In the first sample, the hornblende age is interpreted
to constrain an earlier phase of deformation and to constrain the formation of the
dominant foliation at c. 406 Ma, whereas the biotite data constrains the timing of the later
deformation event at temperatures close to its closure temperature c. 344 Ma. In the
second sample, the white mica plateau age of c. 387 Ma can be interpreted as
constraining the timing of deformation at mid greenschist-facies conditions and the
biotite plateau age of 334 Ma likely constrains the timing of the later phase of
deformation. The third sample contained a c. 362 Ma white mica interpreted to represent
the deformation age whereas the second biotite containing an age of c. 403 Ma may relate
to the early stages of metamorphism in the Connecticut Valley Basin.

5.2 The Southern Transect
In the southern transect across the Chester and Athens Dome, the calculated
40

Ar/39Ar plateau ages that were obtained range from 358 Ma to 623 Ma. Starting in the

west and moving eastward away from the center of the dome, the first sample from the
southern transect that was dated was sample 18CD10C. This sample was taken from the
basement cover contact (Karabinos, 2002). This mineralogy of this sample is consistent
with a history of granulite-facies metamorphism. There was only one foliation observed
in this sample, and the associated quartz and feldspar microstructures were consistent
with deformation at greenschist-facies conditions. The age of the biotite is very close to
the age of the muscovite, with the biotite being slightly younger. The biotite yielded an
age of 358.2 ± 4.7 Ma whereas the white mica yielded an age of 365.7 ± 7.1 Ma (Figure
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16F). The white mica plateau was interpreted to constrain the timing of deformation that
the sample experienced whereas the slightly younger biotite may reflect a cooling age.
Moving eastward, the second sample from the southern transect that was dated
was sample 18CD10B from the Missisquoi Formation. Only hornblende was dated using
40

Ar/39Ar geochronology for this sample. The first hornblende yielded an age of 623 ± 51

Ma, which is older than the depostional age of the sample and thus interpreted to possibly
be a detrital grain that survived metamorphism. The second hornblende grain yielded an
age of 392 ± 13 Ma. The spectrum is disturbed, showing some signs of possible resetting
(Figure 16E). Because the forced plateau contains some younger steps that may reflect
some degree of argon loss, the weighted mean age is a mixed age. The quartz and
feldspar microstructures suggest relatively low temperatures of ductile deformation. The
age gradients show some resetting around 356 Ma that may provide an estimate for the
timing of deformation. The younger ages suggest resetting occurred in the Late
Devonian.
The third sample from the southern transect that was dated was sample 18CD10A,
which was the farthest east. This sample was collected from the Missisquoi Formation
from within the shear zone (Karabinos et al., 2010). Both biotite and white mica were
dated using 40Ar/39Ar geochronology. The biotite yielded an age of 406.3 ± 2.4 Ma
whereas the white mica yielded an age of 365.6 ± 2 Ma (Figure 16D). The apparent age
spectra for these two samples do not show any overlap. Interestingly, the unexpected
result of biotite being older than white mica—based on closure temperature alone— and
the respective plateau ages are very similar to sample 18CD08E, which was also the
easternmost sample in the northern transect. This sample had a weak crenulation cleavage
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and evidence for two generations of biotite. The white mica was interpreted to be the age
of the 365 Ma deformation event resulting in the formation of the dominant foliation, S2.
The biotite is interpreted to be part of the older population associated with S1, for which
the 406 Ma age constrains the timing of formation. Therefore, this sample experienced
metamorphism during a c. 406 Ma deformation event and then experienced deformation
again c. 365 Ma.

5.3 Synthesis with Regional Data
Determining the geochronology of the New England area has been a focus of
many prior studies. Many data have been collected, analyzed, and interpreted throughout
this area. The two transects in this study include the shear zones bounding the domes in
the north and in the south. Comparisons between the data indicate that both transects
were subjected to pulses from Acadian deformation, and in some places the samples may
also record evidence of Salinic deformation. The purpose of this section is to compare my
results to the results of other studies completed in this area, looking at four studies in
particular. The first compiled 40Ar/39Ar and K-Ar geochronology of western New
England in order to determine the metamorphic and tectonic history of the area (Sutter et.
al., 1985). The second study involved monazite dating of foliations in rocks from around
the Chester and Athens Dome (Bell and Welch, 2002). The third study involved electron
microprobe dating of monazites in order to constrain the age of deformation in the highstrain zone around the Chester Dome (Karabinos et al., 2010). The final study compares
data that were compiled specifically within and surrounding the Chester and Athens
Dome (McWilliams, 2008). Comparing my results with these studies will further advance
our understanding of the history of the Chester and Athens Dome.
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The white micas from samples 08D and 08E yielded ages of 387.8 ± 1.4 Ma and
362.0 ± 1.9 Ma respectively. The white micas from samples 10A and 10C yielded ages of
365.6 ± 2 Ma and 365.7 ± 7.1 Ma respectively. These are interpreted to represent
deformation ages from multiple pulses during a complex orogeny (Figure 11). The older
white mica age correlates to the age of regional metamorphism in the Dunnage Zone and
in the Gaspe Belt in southern Quebec, which were dated from 395-375 Ma (Armstrong et
al., 1992; Tremblay et al., 2000). It was also determined that in western New England,
the Acadian metamorphism and deformation are at oldest 395 Ma (Tremblay and Pinet,
2016), which indicates that the white mica of 08D would have experienced an episode of
Acadian deformation. The younger white mica ages from 08E, 10A and 10C indicate
deformation during different episodes since the orogeny occurred from 386 Ma to 355
Ma in northern Vermont (Laird et al., 1984). The biotite from 10A contained an age in
the early 400 Ma. This is interpreted to represent deformation during the Salinic
Orogeny. Muscovite plateau ages from Southern Quebec range from 433 to 405 Ma and
formed during the deformation and metamorphism of the Salinic Orogeny. The 10A
biotite falls within this range. Therefore, these results show that the shear zone
experienced a complex history.
Hornblende and biotite samples were collected from the Berkshire and Green
Mountain Massif from Proterozoic gneisses for 40Ar/39Ar geochronology (Sutter et. al.,
1985). These samples, along with 40Ar/39Ar and K-Ar geochronology from other studies
in the New England area, were compiled in order to determine the tectonic history of the
area (Sutter et. al., 1985). Interpretations determined that the Berkshire and Green
Mountain Massifs experienced Taconic deformation whereas the areas to the east of the
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Massifs experienced Acadian deformation (Sutter et. al., 1985). Since the Chester and
Athens Dome lie to the east of the Green Mountain Massif, it could be assumed from the
results of this study that the domes would experience Acadian deformation as well. The
results indicate that this assumption is correct. Four of the six samples in the first
40

Ar/39Ar geochronology group dated white micas that yielded deformation ages from the

multiple episodes of this complex orogeny (Figure 11). The 18CD08B hornblende and
the 18CD10A biotite are both from the shear zone surrounding the dome and both record
deformation that occurred during the Salinic Orogeny. This study completed by Sutter
and others (1985) does not mention deformation during the Salinic Orogeny in the
tectonic history but does report some ages around 400 to 415 Ma. However, the
deformation ages recorded by the white micas does agree with the interpretation that
areas on the east side of the Green Mountain Massif experienced multiple episodes of
Acadian deformation.
Monazite grains were dated in situ in thin section to date foliations of rocks from
near the Chester and Athens Dome from the Spring Hill Synform (Bell and Welch, 2002).
These monazites lie within the foliations defined by garnet inclusion trails and provide
ages of deformation and garnet growth (Bell and Welch, 2002). It was determined that
four foliation inflection / intersection axes (FIA) sets formed around 424, 405, 386, and
366 Ma (Bell and Welch, 2002). These monazite ages correlate to some of the ages
determined in samples from the north and south transect. The 405 Ma FIA age from the
monazites corresponds to the 08B hornblende age of 406 Ma, the 08E biotite age of 403
Ma, and the 10A biotite age of 406 Ma. The 08E biotite age was interpreted to relate to
the early stages of metamorphism of the Waits River Formation. The 08B hornblende and
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the 10A biotite, however, were both interpreted to date Salinic deformation that occurred
in the shear zone surrounding the dome. These ages correlate to the monazite samples
taken from just outside of the dome on the western side by the Spring Hill Synform (Bell
and Welch, 2002). The 386 Ma FIA age also corresponds to a white mica sample taken
from 18CD08D, which was from the Missisquoi Formation from within the shear zone.
This white mica yielded an age of 387 Ma, which is extremely close to the monazite age.
This was interpreted to record a deformation age from one of the pulses from the Acadian
Orogeny. The last FIA age of 366 also corresponds to three other white mica ages from
samples 18CD08E (362 Ma), 18CD10A (365 Ma), and 18CD10C (365 Ma). These ages
record the deformation of the samples that occurred during a different episode of the
Acadian Orogeny. Therefore, the dated samples from the north and south transect
correlate with the samples dated from Bell and Welch (2002) from the Spring Hill
Synform next to the dome.
Electron microprobe dating of monazites was completed in order to constrain the
age of deformation in the high-strain zone surrounding the Chester Dome (Karabinos et
al., 2010). Monazite grains from the Hoosac Formation below the high-strain zone
yielded ages showing metamorphic growth during the Taconic, Acadian, and
Pennsylvanian Orogenies, whereas monazites dated from within the high-strain zone at
the Townshend Dam yielded ages of c. 380 Ma (Karabinos et al., 2010). These data lead
to the suggestion that the monazite grains were recrystallized during deformation in the
high-strain zone and that the shear zone was active c. 380 Ma (Karabinos et al., 2010).
This 380 Ma age estimate may correlate to the 08D white mica plateau age of 387 Ma

102

that was interpreted as constraining an Acadian phase of mylonitic deformation in the
shear zone at mid greenschist-facies metamorphic conditions.
40

Ar/39Ar ages were obtained by McWilliams (2008) from amphibole, muscovite,

biotite, and potassium feldspar grains from the core of the Chester and Athens Dome and
the surrounding Silurian Devonian sequence of the Connecticut Valley Gaspe Trough.
The results for the samples within the CVGT range from 350 Ma to 365 Ma. This is very
similar to the 18CD08E white mica sample taken from the Waits River Formation which
yielded an age of 362 Ma. These ages indicate that the Connecticut Valley Gaspe Trough
experienced and recorded a younger pulse of Acadian deformation. Samples from other
studies that were incorporated into this study by McWilliams (2008) indicate that the
Chester and Athens Dome experienced Acadian deformation, which is in agreement with
the samples dated from the north and south transect (Figure 12). 40Ar/39Ar geochronology
was completed on detrital muscovite samples from the Catskill Formation in
Pennsylvania (Broussard et al., 2018). The detrital muscovite yielded ages that were
interpreted as maximum depositional ages c. 362 Ma (Broussard et al., 2018). These ages
are similar to three white mica ages from the Chester and Athens Dome that range from
362 to 365 Ma. This indicates that the younger age signal that is represented in my
samples relates to the detrital white mica from the Catskill Formation in Pennsylvania.
This younger age signal correlates to many studies that have been completed in the area.
Muscovite sampled from a leucocratic Acadian dike that crosscuts the dominant
penetrative foliation along the western margin of the Chester dome was analyzed by
40

Ar/39Ar geochronology (undergraduate research by K. McCarthy, in progress, and

presented in Schnalzer et al., 2020). The muscovite from sample 19CD02A yielded a
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plateau age of 344.3 ± 1.7 Ma, which was interpreted to record a deformation age
(Schnalzer et al., 2020). It was therefore suggested that the leucocratic Acadian dike
represents the timing of a later stage of deformation in the Chester and Athens Dome
(Schnalzer et al., 2020). This age is similar to sample 18CD08B biotite from the
northeastern margin of the Chester Dome. They both yielded the same ages. The biotite
from 08B was interpreted to constrain the timing of the later deformation event at
temperatures close to its closure temperature c. 344 Ma, and the muscovite from 02A was
interpreted to represent a deformation age. This indicates that the shearing occurred at the
same time between the western and eastern margins of the dome.
These plateau ages from the samples collected in both the northern and southern
section of the Chester and Athens Dome compliment other data that have been taken in
the area. It shows that the Salinic Orogeny affected the area after the Taconic Orogeny
occurred and the multiple pulses of the Acadian Orogeny caused later deformation. These
orogenies impacted this area, and the ages coincide with the ages given by Tremblay and
Pinet (2016). This indicates that the orogenies impacted Quebec during similar times that
it impacted southern Vermont.

6 Conclusions
The 40Ar/39Ar results, combined with the microstructural analysis, supports the
interpretation that the Chester and Athens Dome experienced a complex history of
deformation based on the variety of plateau and weighted mean ages obtain and the
complexity of the individual age gradients. The multiple phases of deformation are
associated with the Salinic and Acadian Orogenies based on the dominate age signals
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from both the north and south transects at c. 406 Ma, 388 Ma, 365 Ma, and 344 Ma. The
samples that were collected within the attenuated mantling units appeared to exhibit a
single dominant foliation in the field. Upon closer examination in thin section, it could be
seen that the samples from the Missisquoi Formation in the southern transect contained
the dominant S2 foliation overprinting an older and weaker S1 foliation. This supports the
interpretation that the shear zone experienced multiple phases of deformation, where S1
formed late in the Salinic Orogeny. S2 appears to be a composite Acadian foliation that
records multiple age signals c. 388 Ma and 365 Ma, and a late overprint again c. 344 Ma.
This research feeds into a better understanding of continental deformation in
regions with a complex, polyphase tectonic history such as the northern Appalachians.
The results highlight the potential for samples that exhibit an apparent single dominant
structural fabric to record a history of multiple phases of deformation. The local
preservation of the older, weaker crenulated S1 foliation within microlithons of the S2
foliation implies that S1 was overprinted and largely transposed by the development of S2
during the Acadian Orogeny. The multiple age signals coupled with more subtle
metamorphic textures and microstructures within S2 cleavage domains suggest that the
shear zone may have been reactivated multiple times during the Acadian Orogeny.
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Tables
Table 1: Sample formation, observations, latitude, longitude, lineation and foliation for
all samples.
Sample

Formation

Observations

Bull Hill Gneiss - below the
18CD08A Hoosac Formation
Barnard gneiss - Member of
18CD08B Missisquoi Formation
18CD08C Missisquoi Formation

Looks like mylonitic foliation;
Felsic with coarse feldspars
Mafic - contains amphibole
Looks like mylonitic gneiss;
felsic

Latitude
N 40o 24' 50.5"

W 72 28' 45.7" 047/46

Mafic and felsic deformed gneiss N 43 24' 53.3"
Mylonitic Deformation

N 43o 24' 58.10"

18CD10D Basement Gneiss

082/55

W 72o 28' 29.2"

077/55

W 72 42' 6.3"

N 43 3' 17.1"
o

o

087/49

o

087/49

o

N 43 3' 17.1"

W 72 42' 6.3"

275/88

N 43o 01' 6.0"

W 72o 38' 55.9"

112/34

N 43o 01' 13.2"

W 72o 39' 05.9" 046/7

123/32

N 43o 01' 21.3.3"

W 72o 39' 12.4"

121/49

o

Mafic and unoriented

W 72 28' 43.3"

W 72 42' 6.3"

Amphibolite boudinage

18CD10C Basement Gneiss

085/57

o

o

Country gneiss containing garnet N 43 3' 17.1"

18CD09B Missisquoi Formation

o

o

o

18CD09A Missisquoi Formation

18CD10B Missisquoi Formation

o

033/55

o

N 43 24' 51.7"

Waits River Formation from
18CD08E Silurian-Devonian Sequence

18CD10A Hoosac Formation

W 72o 28' 50.2" 015/50

W 72 28' 50.2" 110 Rake 065/60

o

Amphibolite section
Schist containing micas and
plagioclase
Schist containing micas and
plagioclase
Mafic; in the basement cover
contact

Lineation Foliation

o

N 40 24' 50.5"

18CD08D Missisquoi Formation

18CD09C Missisquoi Formation

Longitude

N 43 01' 31.8"

o

W 72 39' 19.9"

Table 2: Modal mineralogy of each of the samples completed using the X-Ray
Diffractometer utilizing the RIR method.
Sample
18CD08A
18CD08B
18CD08C
18CD08D
18CD08E
18CD09A
18CD09B
18CD09C
18CD10A
18CD10B
18CD10C
18CD10D

Quartz - 28%
Biotite - 36%
Albite - 9%
Quartz - 68%
Quartz - 29%
Quartz - 40%
Quartz - 5%
Albite - 16%
Muscovite - 92%
Epidote - 9%
Graphite - 32%
Quartz - 12%

Albite - 8%
Clinochlore - 11%
Muscovite - 19%
Anorthite - 22%
Phengite - 64%
Epidote - 22%
Chlinochlore - 9%
Nepheline - 4%
Quartz - 5%
Actinolite - 91%
Magnetite - 3%
Biotite - 59%

Modal Mineralogy
Muscovite - 64%
Albite - 17%
Magnesiohornblende - 4% Amphibole - 32%
Quartz - 11%
Anorthite - 61%
Phlogopite - 7%
Muscovite - 2%
Albite - 5%
Graphite - 2%
Chlinochlore - 5% Ferroactinolite - 32%
Albite - 10%
Biotite - 64%
Orthoclase - 12%
Hornblende - 81%
Sodalite - 4%
Anorthoclase - 34% Muscovite - 8%
Anorthoclase - 30%
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Rutile - 24%

Table 3: Sample name and 40Ar/39Ar summary data for all twelve samples collected along
both the north and the south transect for the Chester and Athens Dome.
Sample

Phase
(Aliquot)

PA
(Ma)

WMA 1σ Error
39
% Ar
(Ma)
(Ma)

Minimum TFA
MSWD
age
(Ma)

1σ Error
(Ma)

18CD08A
18CD08B Biotite

331.0

1.9

36.2

1.3

306.5

336.89

1.3

18CD08B Hornblende
18CD08C

406.2

2.2

46.0

0.113

286.15

416.48

0.815

1.3

96.8

1.6

324.64

341.28

1.197

18CD08D Biotite

334.3

18CD08D White Mica
387.8
1.4
57.3
2.4
64.67 361.77
1.342
18CD08E Biotite 1
557
11
71.3
3.8 406.67 406.67
2.313
18CD08E Biotite 2
403.0
1.8
73.7
1.5 367.16 409.13
1.668
18CD08E White Mica
362.0
1.9
62.1
2.4 354.32 364.00
0.740
18CD09A
18CD09B
18CD09C
18CD10A Biotite
406.3
2.4
52.8
2.1 397.83 407.34
1.155
18CD10A White Mica
365.6
2.0
68.4
1.6
290.83
355.29
1.389
18CD10B Hornblende 1
623
51
37.5
34.0
287.34
648.39
0.83
18CD10B Hornblende 2
392
13
85.2
7.7
132.78
415.72
1.432
18CD10C Biotite
358.2
4.7
94.3
2.9
284.68
284.68
4.121
18CD10C White Mica
365.7
7.1
81.3
4.3
181.38
181.38
6.304
18CD10D
Notes:
PA = plateau age, if more than 3 consectutive steps comprising > 60% of the gas released are concordant
WMA = weighted mean age, calculated in the case where consecutive steps give similar ages but do not define a plateau
MSWD = mean square weighted deviation
TFA=Total Fusion age

Table 4: Mineral assemblage determined through thin section observations. The
metamorphic facies for each sample were determined through the mineral assemblages.
Sample
18CD08A
18CD08B
18CD08C
18CD08D
18CD08E
18CD09A
18CD09B
18CD09C
18CD10A
18CD10B
18CD10C
18CD10D

Mineral Assemblage
Quartz, Muscovite, Biotite, Feldspar, Epidote
Quartz, Biotite, Feldspar, Amphibole
Quartz, Muscovite, Biotite, Feldspar, Epidote
Quartz, Muscovite, Biotite, Feldspar, Garnet
Quartz, Muscovite
Quartz, Amphibole
Quartz, Biotite, Feldspar, Amphibole, Muscovite
Quartz, Amphibole, Feldspar
Quartz, Muscovite, Biotite, Feldspar, Garnet
Quartz, Amphibole, Feldspar
Quartz, Feldspar, Muscovite, Graphite
Quartz, Feldspar, Graphite
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Metamorphic Facies
Upper Greenschist to Lower Amphibolite
Amphibolite Facies
Upper Greenschist to Lower Amphibolite
Upper Greenschist to Lower Amphibolite
Greenschist Facies
Amphibolite Facies
Amphibolite Facies
Amphibolite Facies
Amphibolite Facies
Amphibolite Facies
Granulite Facies
Granulite Facies

Figures
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Figure 1: Tectonic map of New England modified after Karabinos and others (2017) and
Hibbard and others (2006). Abbreviations include: BM – Berkshire Massif, CLM – Chain
Lakes Massif, GMM – Green Mountain Massif, MGC – Massabesic Gneiss Complex,
CVGT – Connecticut Valley Gaspe Trough and CD – Chester and Athens Dome. The
yellow star represents the Spring Hill synform. The white star represents the Westminster
West Fault Zone.
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Figure 2: Geologic map modified after Ratcliffe and Armstrong (1995) showing the
Chester and Athens Domes. The interior of the domes are mostly (Y) Middle Proterozoic
gneiss and granite. Surrounding and inside the domes are (OCu) the Hoosac, Pinney
Hollow, Ottauquechee and Stowe Formations, undivided, from the Ordovician to
Cambrian. These units are also found to the west by the Green Mountain Massifs.
Surrounding these units are (Om) the Missisquoi Member, (Omb) the Barnard Volcanic
Member, and (Omc) the Rusty Schist Member, all of which are Ordovician. A Cretaceous
alkaline intrusion (K), the Ascutney Pluton, is located in the northeast of the Chester
Dome. On the far east of the Chester and Athens Domes is the Waits River and
Northfield Formations (DSwn), undivided, from the Devonian and Silurian. Finally, (U)
ultramafic rocks, can found to the west of the Domes in the Om and Omc units. The three
white stars, one located in the northeast of the Chester Dome, one in the southeast of the
Athens Dome, and one in the southwest of the Athens Dome, show the locations of the
samples that were taken. CVGT is the Connecticut Valley Gaspe Trough. RBH is the
Rowe-Hawley Belt. GMM is the Green Mountain Massif within the GMS, which is the
Green Mountain Slice. TA is the Taconic Allochthon within CP, the Carbonate Platform.

Figure 3: An oblique view from the southwest of the Athens and Chester Dome modified
after Karabinos et al (2010). This shows schematically the variation in structural
thickness in the units surrounding the Chester and Athens Domes. Original thickness is
depicted in the index.
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Figure 4: Map depicting the Taconic Allochthon, the Green Mountain Massif, the RoweHawley Belt, the Chester and Athens Dome, the Connecticut Valley Gaspe Trough, and
the Bronson Hill Anticlinorium. This is modified from the 2011 Bedrock Geologic Map
of Vermont (Ratcliffe et. al., 2011). The Green Mountain Massif is located in Vermont in
between the Taconic Allochthon on the west side and the Rowe-Hawley Belt on the east
side. The Rowe-Hawley Belt contains the Chester and Athens Dome. It is located in
between the Green Mountain Massif on the west and the Connecticut Valley Gaspe
Trough on the east. The Connecticut Valley Gaspe Trough is located on the eastern side
of Vermont along the Vermont-New Hampshire border. It is in between the RoweHawley belt on the west in Vermont and the Bronson Hill Anticlinorium in New
Hampshire. The Westminster West Fault Zone is located within this trough. The Bronson
Hill Anticlinorium is the last location located in New Hampshire on the east side of the
Westminster West Fault Zone and the Connecticut Valley Gaspe Trough.
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Figure 5: Diagram depicting the 40Ar/39Ar and K-Ar age data from western New England
(modified from Sutter et. al., 1985). This diagram, extending from the Long Island Sound
through Vermont, includes data from multiple studies along with the 40Ar/39Ar data from
Chester and Athens domes obtained from this study.
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Figure 6: The northern transect across the Chester and Athens Dome. These samples were
taken along Gulf Road and include samples 18CD08A, 18CD08B, 18CD08C, 18CD08D,
and 18CD08E. Sample A was taken from within the Mount Holly Complex. Sample B, C
and D were taken from within the Missisquoi Formation. Sample E was taken from
within the Connecticut Valley Gaspe Trough which are the Silurian and Devonian units.
The mineralogy of this sample indicates it was taken from the Waits River Formation.
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Figure 7: The first part of the southern transect across the Chester and Athens Dome. This
shows the Townshend Dam which is on Route 30, where Samples 18CD09A, 18CD09B,
and 18CD09C were taken from the same outcrop shown by the purple dot. This is the
Missisquoi Formation in yellow, and the purple represents the basement rock.
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Figure 8: The second part of the southern transect across the Chester and Athens Dome.
This shows the samples taken along Ellen Ware Road which is off of Route 30. Samples
include 18CD10A, 18CD10B, 18CD10C and 18CD10D were taken from along this road.
The Missisquoi Formation is represented in yellow, the purple represents the basement
rock, and the orange represents the Mount Holly Complex.
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Figure 9: Select photomicrographs from oriented thin sections in cross-polarized light.
For mineral abbreviations, Qtz = quartz, Bt = biotite, Amp = amphibole, Ms = muscovite,
Grt = garnet, Hbl = hornblende, S1 = older foliation that is crenulated within S2, and S2 =
second dominant foliation. A) 18CD08B: Scale bar is 1000 µm. Inclusion-rich amphibole
porphyroclase containing quartz strain shadows. The foliation is S2 and is defined by
compositional layering. B) 18CD08D: Scale bar is 1000 µm. Muscovite mica fish
showing a Group 2 fish. The foliation is S2 and is defined by compositional layering with
mica rich cleavage domains and quartz rich microlithons. C) 18CD08E: Scale bar is 500
µm. Sample contains quartz and muscovite, with the quartz containing grain boundary
migration. The foliation is hard to see in this image, but is defined by the preferred
orientation of the muscovite. D) 18CD10A: Scale bar is 1000 µm. Garnet and quartz
porphyroclast containing stair stepping wings. The S2 foliation is defined by the
orientation of the platy minerals. The S1 foliation is the overprinted older crenulation
cleavage. The presence of the S1 indicates that this sample experienced two phases of
deformation. E) 18CD10B: Scale bar is 1000 µm. Inclusion free hornblende define a
lineation within the S2 foliation for this sample. Larger hornblende contains inclusions. F)
18CD10C: Scale bar is 1000 µm. Graphite is found in this thin section. The S2 foliation is
defined by planar preferred orientation of the platy minerals and compositional layering.
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Figure 10: Compiled apparent 40Ar/39Ar age spectra from samples collected from the
northern and southern transects. Box heights and quoted errors are at the 1σ level except
E and F errors are at the 2 σ level. The plateaus are shown in a separate color from the
rest of the boxes, and they are used in the weighted mean age calculations.
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Figure 11: Compiled apparent 0Ar/39Ar age spectra from samples collected from the
northern and the southern transects. This data is restricted from 260 to 460 Ma to show
more detail.
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Figure 12: The Chester and Athens Dome, containing ages from multiple sources both
from within the dome and from the surrounding units. This figure is modified from
McWilliams 2008. Sample locations are shown for this study (green), McWilliams 2008
(purple), Spear and Harrison, 1989 (red), Harrison et al., 1989 (yellow and blue), Bell and
Welch, 2002 (orange), and Vance and Holland, 1993 (pink).
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